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AGGREGATES AND FLY-ASH CONCRETE BARKLEY LOCK 


__ Although the advantages « of the use of a a re material, in this case 
fly ash, in concrete were known in 1912, the extensive use of this material for 
This paper ‘presents - an actual account of the field handling of aggregates — 
and the mix data and test results of fly-ash concrete for Barkley Lock, 
Kentucky. Methods and equipment necessary for the separation of Ohio River — 
- sand into various sieve fractions, reworking of certain sieve fractions, and 
: _ recombining of the fractions for the completed sand are outlined in detail, 
Physical ar and chemical tests for the fly ash are listed as bees as denied and 


jacal 
final concrete mixes and physical tests of the ‘concrete. _ : 


of the mass s concrete sections of Barkley lock. This lock ‘represents the second 
in the construction of the multipurpose Barkley that 


- Note.—Discussion open until August 1, 1961, To extend the closing date one eg 


4 written request must be filed with the Executive Secretary, ASCE. This paper is part — : 


of the copyrighted Journal of the Construction Division, Proceedings of the American 


Society of Civil Engineers, Vol. 87, No.CO1, March,1961. — | 


1 Engr., Corps of Engineers, Louisville, 
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ein This paper presents astudy of the cOarse aggregate quarrying and process- 
4 ing cement, fly ash, and sand processing, concrete mix designing, concrete . 
 batehing oe and thea aring mathndc in the 7 rtinn 
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the Cumberland 31 miles upstream from the confluence of the 
berland andOhio Rivers. 


4 
COARSE AGGREG ATE 
Limestone for the the production of coarse aggregate is obtained from a 
quarry located 1/2 mile from the 1e project site near Lake City, } Ky., on United — 
: States Route 62.’ The quarry ‘ry face, excluding stripping, is approximately 170 | 
ft in height, and it itis pathengy into two geological formations. The lower 30 ft 
extend through the » Warsaw, whereas ‘the 1 upper 140 ft extend through the St. 
Louis. The Warsaw is a dense, fine to coarse grained crystalline limestone ; 
medium bedded to massive (generally massive) with anoccasional shale part- 
ing. The St Louis is thin to medium bedded crystalline limestone | 


load the blasted rock into 15-cu-yd trucks for transporting to the primary 


= aggregate mass” concrete for use in the lock walls, The iow sizes are 
No. 4 sieve to 3/4 in., 3/4 in. to 1 1/2 in., 1 1/2 in. to 3 in., and 3 in. to 6 in. 
a The primary “rushing equipment consists of one 42 in. by 48 in. jaw type 
crusher > adjusted for an 18-in. opening. Quarry run material is reduced in 
this crusher to minus 18-in. size, then conveyedto a bar grizzly with a! 12- -in. 
- opening. All plus 12-in. 1. material is used as riprap on this and other projects, 
The minus 12-in. material is conveyed to the housed secondary crushing and 
screening plant . Secondary crushing consists of one 
ft, and two 4- ft cone crushers 


bins to the quarry stockpiles. require a definite graaing within 
limits for each size stone. It was found that oversized screens were necessary 
to produce stone meeting the grading requirements, The 14-ft length top and | 
7 z bottom screens for sizing the stone , listed from the high end of the screen — 


1, No. 4 to 3/4 in, —Top; one 6-1 ft ‘section of 1 in. _ one 8-ft section of 7 

/4 in, Bottom; one 6-ft section of 1/8 in. and one 8-ft section of 5/16 in. y 
2. 3/4 in. to 1-1/2 in.—Top; one 14-ft section of 1-3/4 in. Bottom; one 7 
ft ‘section of 1 in. and one ft section of 3/4 

+ 4, 3 in to 6 in. 7 14-ft section of 7 in. Bottom; one 8-ft section of | 


2 3/4 in. and one 6-ft section of 4in. 


Particle shape analyses show that the finished stone contains 81% cubes, 
9% flats, and 10% elongated, Gradation tests of stone, as delivered to the mix- 

ing plant show that all four sizes of coarse aggregate have been in the middle 7 
of the gradation | band from the beginning of the project to date March 15, 1960. 

This record is unusual, and indicates | a — degree of ' management and : 
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Othe four sizes OI c 
— 
the plant is equipped with sulficient belt conveyors, screens, and bins to 


‘efficiency on the part of the stone sini one or more > of the 7 


four sizes will be out of the gradation band for the duration of the project. ot - 
os Finished stone is loaded with a tractor shovel, trucked to the project site, . 
and _ dumped into a receiving bin by a hauling subcontractor. From the bin, 
the material is conveyed to twin, double deck 5-ft by 12-ft washing and de- 
watering screens. This feature of aggregate handling eliminates varying: 
amounts of dust and fines that accumulate in the stockpiles. Asa result, the 
coarse aggregate weights in the mix can remain constant, The final concrete 
mixes were determined on October 5, 1959. Since that date, approximately 
195,000 cu yd of concrete have been placed, and no changes in the surface dry 
- weights | of coarse aggregate in in the mixes have been made. Washing and de- 
watering of the c coarse should be incorporated in 


STORAGE BIN FOR COARSE AGGREGATE 
“After dewatering, the material is conveyed to the storage bin A shuttle 
- tripper, that travels on small rails mounted over the bin, distributes stone in 


7 a ridge for the entire length of the bin. The storage bin, constructed = 2- in., 


— 


FIG, 1,—STORAGE BIN FOR COARSE. AGGREGATE, 
represents an unusual and desirable feature that is not 
required by the specifications. It is 256 ft long, 46 ft wide, and 31 ft aol 
‘Tee: bin is divided into four separate compartments by five mesgponnecad Spaced» 


eliminates the use of bulldozers in the stockpiles and dead 

_ storage which would be in the toe of a cone pile on the ground. A 108-in. 

corrugated metal reclaiming tunnel is located under the bin. Material is re- 
- moved from the storage bin by feeders located at the top of the tunnel and 
conveyed to twin double deck 4-ft by 14-ft resizing screens. This feature is 
required by the specifications and adds much to the uniformity of | the concrete. 

nes a the material is conveyed to the mixing plant : storage bins. 

_ FINE AGGREGATE 


- Raw sand for use in the concrete is dredged from the bar located in ‘the 


Ohio River opposite Paducah, Kentucky. Steel barges belonging | to the pro- 
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_ ducer are used to transport the ont wp the Ohio and Cunbortant 1 Rivers to _ 
‘the project site. A stiff leg derrick equipped with a 4-cu yd clam shell bucket | 

; is used for unloading the material and placing it in a small reclaiming bin, 
from where it is conveyed to the raw sand stockpile. As delivered to the pro- 

ject, the sand contains about 40% 30- 50, about 10% 50-100 sieve fraction 

7 material, and has about 0.5% passing the 100 sieve. Individually retained, the 

7 : specifications require 20% to 30% 30-50, 12% to 22% 50-100 sieve fraction, a 

and 5% to 10% passing the 100 sieve. Thus, the problem is simply removing — 
about 15% of the 30-50 material so that the finished sand will contain about | 
25%, or the middle of the gradation band for this fraction, and then grinding — i 

_ the removed fraction into about 8% 50-100 and pe, passing the 100. | 


EQUIPMENT SAND 1 PLANT 


The contractor purchased this sand with the knowledge that a sand me 


By PIG, 2. —WATER SCALPING-CLASSIFYING TANK AND BLENDING FLUMES, | 
equipment in in the sand plant are one water scalping- classifying tank (Fig. 2) 
removing t the excessive 30-50 sieve fraction, “one” rod mill (Fig. 3) for 
grinding the excessive material, and two double screw washer- classifier- 
‘dehydrators (Fig. 4) for remixing me ground material back into the remain-— 
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BARKLEY Lock 


-DOUBLE SCREW WASHER - 
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classifying tank is steel v tank 32 ft and 7 ft deep. It 
is mounted on a steel framework with the bottom of the V about 15 ft off of 
the ground. The sides of the tank are smooth, except for 9 holes or recesses 
- spaced at varying intervals along the bottom of the V. An automatic electric- ‘s 
hydraulic powered bleeder valve is mounted in each of the holes. These valves" 
control the depth of the settled sand inthe tank. 
ea ‘There is a revolving vertical shaft with paddles at the bottom, above cach 
valve. When settled the sand building up to the desired level in order to restrict 
the paddles from turning, the electric- hydraulic mechanism snaps open the 
particular valve involved. The sand bleeds off until the paddles are free to | 
turn again and then the valve snaps closed. The amount of sand that builds up 
over each valve before the valve opens varies from 20 lb to 40 Ib because the — 
valves are spaced at varying intervals, 
is Each valve is equipped with a triple gated adjustable metering splitter 
that empties into a triple cell collecting- blending flume. The splitters are 


_ numbered consecutively from 1 to 9. The No. 1 splitter is located on the end | aa 


at which the raw sand enters the classifier, and No. 9 is: located on the opposite 
end. The flumes are numbered consecutively from 1 to 2. and are located 
“under the tank. A scum trough is located around the top of the tank for the 
purpose of collecting the overflow water, silt, clay, and other 
This classifying tank permits a controllable of the various : sizes 


It is also possible to separate a given sand into twenty- 
seven different fractions, and then use of waste any one of the twenty-seven | P 
fractions. None of the fractions is wasted in this particular plant. 
_ The rod mill is cylindrical in shape and fabricated with 2-in manganese 
: - steel plating. Its inside dimensions are 8 ft in diameter and 12 ft in length. 
The long axis is ‘mounted horizontally in two large gears, and the machine is» 


rotated at 18 rpm by a 350 hp electric motor and a 12 V belt drive (lower left a 
a of Fig. 3). The actual grinding of the sand is done by ” tons of steel rods" 


‘meter and 11 ft and 11 1/2: in. “in length, and are , made of high grade 1 man- 

a The double screws of the two washer- --classifier-dehydrators are 36 in. 

in diameter and mounted inside of a tub made of 1/2-inch steel plating. The _ - 
mq tub is 25 ft long with one end 7 ft wide and the other 13 ft. The depths is 7 ft. 

_ The narrow end of the tub is raised and supported on steel framework so that i 
the bottom of the tub makes an angle of 18° with the horizontal (lower right 
of Fig. 4). The screws are powered with a 30 hp electric motor. Both screws 4 
are located under the classifying tank and collecting-blending flumes, 


“é The low poverty of ‘the screws are ‘under water and the high ends out o of water # 
: i As the screws revolve, _ the sand is forced toward the high end of the tub and _ 
into’ the material discharge Dehydration | of takes 


sand is the. mochylle by of : a tunnel, 
4; to the sand and — into a steel cylindrical mixing tank 


pot 
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BARKLEY LOCK 
_ supported at the No. 1 metering splitter end of the classifier. This tank is 
4 ft in diameter and 5 ft high. The sand and water are mixed in the tank into 
a slurry with high water pressure and introduced into the classifying tank 
_ through” a rectangular feed-opening in the end of the tank. This opening is 
9 in 1. high and 4 ft wide and is located 3 ft from the top of the tank. The high» 7 
velocity of the sand slurry as it enters the tank is checked by a velocity — 
‘killer that is a steel plate the ‘same size as the feed-opening and mounted 
at an angle of 50° with the horizontal. As the sand and water slurry strikes | 
the velocity killer, the sand | grains are thrown | upward and toward the other 


iu ‘Separation of the sand into different size fractions in the classifier is 

i ‘based on Stokes law that states that sand grains of different sizes fall through © ; 
a liquid at different velocities. _ Expressed in the form of an equation in the io _ 

system, , and assuming water at temperature’ of 20° the settling 


medium, and 2.65 specific of sand, the law 


In other of settlement va: varies as as 9000 
of the particle squared. pod 

_ For example, the speed of sinking of a sand particle 0.002 cm in diameter 

_ would be four times faster than a particle one half of its diameter, | 

After introduction of the sand into the classifier, the coarser particles 

settle rapidly and are deposited over the ‘No. 1 bleeder valve of the tank. 

- Smaller sizes of the sand are deposited over the next valve, and so on. 


By running the gradation & samples removed ‘by means of the metering 


fraction the finished sand will contain. 
___ Results 0 of the gradation analyses show that the 30-50 sieve fraction mate- 
rial is deposited in bleeder valves 2 and 3. By means of two of the gates of _ 


splitters, it is possible to know in advance the | gradation and quantity of each | 


—, apere Nos. 2 and 3, about 15% of the 30-50 sieve fraction sand is 7 


removed and routed through flume e No. screw classifier- -dehydrator 
No. 1. Here most of the excess ; water in the sand slurry, that is necessary 7 
for separation of the fractions, is’ removed, All of the production of semi-dry 
30-50 fraction sand from screw No. 1 is conveyed and split into two sore 
bins mounted over the rod mill, All of the sand production from the remain- 
ing twenty-five gates of the metering-splitte: s, Nos. 1 and 4 through 9 ll 
85% of the 30-50 sieve fraction from splitters Nos, 2 and 3, is routed through — : 


Nos. 2 and3 into screw classifier No. 2, that contains the finished sand, 


Itshould borne in mind that the classifier is not 100% efficient and that some | 
particles of other size fractions are contained in the 30-50 ‘sieve fraction 
from valves 2 and 3 as well as the other seven valves. ticks eidedeehaen 7 
Adjustable gates on the bottom of the two storage bins over. isten’ rod mil 
“permit a fixed and uniform quantity of the 30-50 fraction to enter the rod mill © 
= for grinding down to 50- 100 and passing the 100. The sand passes through two 
s cane chutes, then into both ends of the rod mill. A 3- in water line cut into | 


‘the center of the barrel. After the sand is 3 passed an n open 
chute into a sump. Additional water is added in the chute and the fine sand 
Bees pumped through a ‘5-in in line t back into the mixing tank by means of a 
Be pump. Now this finer sand, that was originally removed from bleeder 


valves Nos, 2 and 3 of the classifying tank, will move farther down to valves 


Re: 
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a containing finer ‘material, and out through flumes 2 and 3 into double screw - 
No. 2. After dehydration in screw No. 2, the sand is conveyed to the finished 
“sand stockpile. Finished sand is removed from the stockpile by means | of oil 


cement 
with Federal Specification ss- C-192b, Type II. “One brand, was selected by the © { 
; contractor and will be used throughout placement of the 540, 000 cu yd of con- 
crete required for completion of the lock section. Approximately 400,000 bar- 
og rels of cement will be required for the project. Steel barges, are used to" 
transport the cement from the plant a t Camp ‘Girardeau, Missouri) up 
_ Ohio and Cumberland Rivers to the project site. The barges have a capacity 
Offrom5,000 to 7,000 barrels each, 
- Cement pumps are used for loading the barges at the plant and also for 
7 unloading the cement and placing it in the 5,000 barrel storage silo at the aril ; 
crete mixing plant. The pump at the project site has a capacity of 400 barrels. e, 


FLYASH 


ee to bid c on this option. A pozzolanic material isa “siliceous or siliceous 7 
Benes aluminous ‘material which, in itself, possesses little or no cementitious — 


chemteally with calcium hydroxide at to form 
- pounds possessing cementitious properties. The natural pozzolans are some 
diatomaceous earths, opaline cherts and shales, tuffs, and volvanic ashes or © 
pumicites. Fly ash is aman-made pozzolan. It results from burning pulverized | 
8 coal as fuel in modern powerplants. This type of fuel is blown into the furance © 
with the primary air. Combustion of the fuel at 2 ,800° F occurs almost in- | 
stantly in space, leaving non-combustible tiny molten globules that solidify 
into spherical particles. _ After tt these leave the furnace, they are collected by 
The cement-water reaction « during hydration c of the cement liberates 15 Ib 
to 20 lb of free lime or calcium hydroxide per bag of cement. The remainder 
: of the reaction product is a rigid insoluble cement that gives hardened con- 
crete its strength. After the hardened material is exposed to water, the cal-_ 
cium hydroxide, that is water soluble, will leach out with time, leaving voids. - 
Leaching starts soon after the concrete is placed and continues for its life- ; 
time. When the lime comes to the surface, it combines with carbon dioxide 
in the atmosphere to form a hard, white efflorescence, calcium carbondate. 
This incrustation may be observed on the surface of bridge piers, dams, 7 
walls, retaining walls, and on 1 the face of or stone 


— 
‘ a 
| 
| 
= concrete was permitted in the projett specifications. The term “replacement 
_ _ material” as used herein is defined as a finely divided material that can be be 3 
: _ used with portland cement as a substitute for a part of the portland cement in — ie 
3 concrete. Use of fly ash with portland cement was one of the four cementing ar: 
4 
3 
id 
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cor 


A notable ‘example of efflorescence 1 may seen on the brick - wall on the left. 


as one exits from the Paducah, Kentucky, boat harbor. When a pozzolanic — 
material is used in concrete the amorphous silicon and aluminum oxide in the © 
“ fly ash reacts chemically with the free lime or calcium hydroxide to form a 
cementing compound, perhaps monocalcium silicate, that is insoluble in water 
- and that increases the strength and watertightness of the « concrete. | i. Xx * a 
cone addition to reducing leaching and efflorescence, the use of fly ashin | 
c 


oncrete reduces the drying shrinkage, improves workability, and permits a _ 


ys reduction - in the sand content, thereby _ reducing the water- -cement r ratio and 
increasing the life and durability of the concrete. Microscopic photographs of 
fly ash show that the particles are spherical in shape, whereas the particles 
of cement are angular shaped. ‘This spherical shape lends plasticity to the 
mix and improves the e finishing qualities of the concrete. Furthermore, the 
addition of fines in the form offly ash to the mix helps to remedy a deficiency 
of fines in the sand, that is a common fault of most river and bank sands, 
Fly ash for use in the project is obtained from the Cane Run Plant of the 
- Louisville Gas and Electric Company, Louisville, Kentucky. It is tested for 
compliance with Corps of Engineers Specifications CRD-C 262-57. Storage bi bins A 
and handling facilities are available at the plant for bin inspection and samp- 
‘ling, All inspection and sampling is handled by a representative of the Louis- 
ville | District. Complete physical and chemical tests on ¢ each bin of fly ash are 
made by the Ohio River Division Laboratory. The material is loaded into bulk 
cement railroad cars and shipped to the project siding at Grand Rivers, 
Kentucky. Specifications require that a certified notice of inspection and com= _ 
pliance accompany each car, 
anil Typical results of the physical and chemical tests on the fly ash are as ; 
7 At the project ‘site, the fly ash is unloaded from the cars by gravity ola a 
__- serew conveyor into a bulk cement truck and transported to the project site. 
ge bucket elevator carries the fly ash into two cement ‘storage silos that have a 


Before concrete placement was started, it was believed that special handling © 
ont batching equipment would be necessary for the fly ash that t flows like water. 
_ This assumption proved to be incorrect, because standard cement handling and 

- batching equipment has handled and batched over 13,000 tons of fly ash in an = 
excellent manner. However, it should be noted that the motor must be attached 

to the head Ermey instead of the tail pulley when a bucket | elevator is used in in 


nec -oncrete section of the 


and water, are added to the concrete mix with the automatic batcher-dispenser. e 
. The volume of entrained air is expressed as a percnetage of the total volume 
of concrete, and is ¢ controlled between the specification n limits o of 4% and 1 7% in 
1/2- in. aggregate | portion of ‘the concrete by varying the amount of 
air- entraining agent, All air content determinations are made with an air 
_ meter. The meter indicates the percentage of air i in samples of “green” 
concrete removed by means of a sampling device from the wet batch hopper. ; 
7 _ Theoretical proportions for the four sizes of coarse aggregate were 
Dineen by use of Talbot’ 8 grading formula. The amount of fine fine aggregate, 
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_ expressed as a percentage of the total absolute volume a fine and coars 

- aggregate in the mix, was determined by trial mixes. The batch sizes vary 

from 1 cu yd for the grout, that is used between the lift joints, to 4 cu yd for 
the 6-in. . maximum si size aggregate concrete used in the lock walls, : 
; ‘Proper yield is s secured by absolute volume computations. The amount of 
‘fine aggregate in the different mixes varies from 23% in the 6-in. aggregate 
_ concrete to 35% in the 3/4-in. aggregate concrete used in staircases, gate 

guides, and so on. Field adjustments were necessary to obtain the 


moisture in the aggregate, and for any variation in the concrete yield caused | 


_ by changes in the water content necessary to maintain the required aint 


_ All concrete mixes for the mass concrete of the lock walls contains 6-in. 
aggregate and a solid of cementitious mate material , fly 


Mean Particle Diameter, Microns te 


Lime- Strength, 7 Days, psi. 
Cement-Pozzolan Mortar, Percent of Control, ‘Days 
‘Drying Increase, 28 Percent, Standard, 


+ Alg0g + Feo0s, Percent 

Magnesium Oxide Mg0, Percent .. 

Ignition Loss, Percent rae 


of. 


A limited ‘quantity of 3-in. maximum size a eae with 5 bags “a 
cement per cubic pane is used around the culverts that extend throughout the 

length of the lock walls. All water- cement ratios given in this paper are © a 
computed on the weight of portland cement to the absolute volume all 
‘the cementitious materialinthe mix, 
- Original mix designs called for 22% fine aggregate in the 4-bag mix and 

26% in the 5- bag mix. The initial water-cement ratio for the 4- bag concrete - 
was 0.48 by weight or 5.4 gal per bag, and for the 5-bag concrete 0.46 or 5.2 

gal per bag. Varying Gerominges of sand were used in both mixes in an effort 


— 
4 
Retained on No, 325 Sieve, Percent Lb 
... {1255 | Min, 900 
103.3 Min. 75 
...| 048 | Max. 0.50 
87.24 | Min. 70 
0.99 | Max. 6.0 
a ash, and portland cement, equivalent to portland cement per cubic — 
yardofconcrete. 
i Expressed as a percentage of the total absolute volume of cementitious — 
— 
Bt 
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BARKLEY LOCK 


Bt runs were pees with 21%, 22%, and 23% fine aggregate in the 4 bag mix 
and 25%, 26%, and 27% in the 5-bag mix. The two lower sand contents for 
both mixes were harsh, undersanded, and showed excessive loose stone. - 
After the sand content was raised to 23% for the 6-in. aggregate 4-bag 
‘le and 27% for the 3-in. aggregate 5-bag mix, a plastic and workable mix 
was obtained. These sand percentages were thereby established as the 7 
minimum possible. necessary to wet the concrete for both mixes 
with the two lower sand contents in order to peers workability and get rid 
of loose stone in the form. After the sand contents were raised to 23% and © 
27%, it was. found that the water- cement ratio could be lowered to 0.44 by 
Weight, or 5. 0 gal per bag for the 4-bag concrete, and 0.41 gal | aad sash ead nal 


by 4 Bog? 3 by 5 Bog? 

Mix Design No, 

W/C Water Gal per ~~ 

W/C by Weight 

Entrained Air in 1-1/2-In. ‘Aggregnte Size 

“i Air Entraining Agent Ounces per Bag 


Fine Aggregate, Percent = © 


Cementitious Material Lb 


} Portland ‘Cement 
Total Water, Lb 


Sand? 

No, 4 to 3/4 in, 

3/4 in, to 1- 1/2 
1/2 in, to3in, 


in, to 6 in, b 7 
‘tT 156, (154, 
Actual Weight per Cu ft in Lb, 152.99 | 151.33 


-@ Maximum Size Aggregate X Number of Bags of Portland Cement With a 25% Re- 


of Fly Ash Per Cubic Yard of Concrete. 


One Cubic yard batch weights, — 


bag mix. Placing of the final adjusted mixes in 4 cu yd quantities is accom-_ 
_ plished without difficulty, and the concrete moves readily under the action — 
of the vibrators. All of the larger aggregate particles are coated with a heavy 
is of mortar, there are few loose stones in the form, and the concretes 
_ are very cohesive, plastic, _ and workable. Inother words the coarse aggregate 
in all mixes is “wrapped” with mortar, 0 
An average of the last sixteen air tests shows that the mixes have 6. 6.2% 
entrained air in the 1- 1/2-in. aggregate portion the concrete. Complete 
data for the mixes and the water-cement ratio, air content, andthe unit 
_ weight range are shown in Table 2. All available data indicate that concrete if 
that contains fly ash as a — for _ of the portions cement shows 
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4 282.00 352.500 4 
— s12 910 a 
a 
| 
| 


: cement had been removed and the fly ash substituted. However, the 4 
- a data further indicate that the two concretes will have approximately the same > 
- strength at 28 days, but that the fly ash concrete will be 1,000 psi to 1, 500 
psi higher than the all portland cement concrete at 90 days. Compressive — = 
Strength of all of the test cylinders as well as the water-cement ratios for 
the various mixes are shown in Table 3. Wa 
‘Six 3-1/2 in. by 4-1/2 in. by 16-in. concrete test beams were made from 
the lock wall concrete with 6-in, maximum size aggregate and 4 bags of 
; a cement per cubic yard of concrete. . At the end of a 90 day curing period, . 
— beams showed an average flexure strength of 745 psi and retained 62% 


Gal [By we... 
psi psi psi psi 


2491(9) 


3759(27 


pl placement of Fly Ash Per Cubic Yard of Concrete Rae ping. sep 


Maximum Size Aggregate X Number of Bags of Portland Cement a 
Water-Cement Ratio Based on the of Portland Cement ‘Equal to Absolute 


‘The 3 and 3- Mixes Were Used in Limited for Experimental 


7 of that value after being subjected to 324, 2 hr cycles of of — and thawing 
in water - between OF and 42F. Durability tests, using the e same type of 
"freezing and thawing cycles, showed that the beams retained 69% of their 
original dynamic modulus” of elasticity after— the 324 cycle test period. 

7 ‘According to standards established by use of the freezing and thawing tests +s 
lock wwll concrete attained a rating of good to excellent. jg 

| Concrete placement was started on July 3, 1959. As of March 15 , 1960, 

o 319,000 cu yd had been placed in the lockwalls. . The peak ‘production was 

3 reached during October, 1959 when 70,753 cu yd were placed. Only 66 cu yd 

p of the total mixed have been wasted due to faulty operation of the concrete 

mixing plant. This waste represents 0.02% of the total, is — 


2. 


| Fly | Fine | 
Ash, | Aggr., 
| cent cent 
4 6x4 | 25] 23 5.0 to | 0.44 to |1311(16)| 1909(51) | 3240(34)| 4001(12)/4421(1) 
6x | 25 | 23 | 5.1 to] 0.45 to | 991(6)| 1592(12) | 3008(9) | 3811(6) 
6x3 | 25/24 | 6.1 to] 0.54 to} 9994) 1490) 3487(6) | 
3x5 27 | 4.6 to| 0.41 to | 1544(7)| 2261(24) 4371(11)| 5880(2) 
| 1-1/2 | 25 | 33 82 to | 0.46 to | 1409(3)| 2083(5) | 3277(10) aon 
= 8 | | 35 | 5.8 to| 0,51 to | 1662(2)| 2341(5) | 3772(3) | 4951(1) 
a 
— 
— 
— 
x — 


record for plant operation. ‘This — em a high degree of efficient 
operation and maintenance of the plant by the plant superintendent. — wea’ 


CONCRETE BATCHING AND MIXING PLANT 


The concrete batching and mixing plant is located 975 ft downstream from 7 


y the axis of the dam onthe left bank of the river. The plant consists of a 400 cu 


city of the seven storage bins located at the > top of the mixing plant. There 
are four bins for coarse aggregate, one for | sand, one for fly ash, and one for 


portland cement. The plant is octagonal in _ about ft in and 


_ yd eight bin automatic mixing plant. The 400 cu yd capacity refers to the se 


FIG. 5 —AUTOMATIC CONCRETE BATCHING AND AND MIXING PLANT 
supported by steel pene (Fig. 5). Underneath the ees are the batching | 
equipment. . A list of weighing and batching» equipment is as follows: 
1. Four 5,000-1b batchers for the four sizes of coarse aggregate. 
One 7,000-lb aggregate batcher for the sand. 
3. Two 3, 000-1b cement batchers. ey’ 
4, One 2,000-1lb 240 gal water batcher. 


One 5-Ib admixture batcher for the air agent 
7: The operator’s control board is located on the same level as the batchers. 
On this board is a visible springless dial for indicating the scale load of the 
_ nine batchers at all stages of the weighting operation from zero to full capacity. a 
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with a system of pulleys and piano wire. The lever ratio of the weighing levers | ; 
_ is 500-to-1. In other words a pull of 5 lb on the wire connected to any one of _ | 
the 5 aggregate batchers will indicate 5,000 lb on the corresponding dial. 7 
7 By means of a mix selector mounted on the ‘right of the control board, the 
operator can select any one of twelve ‘different mixes that have been pre- 
7 viously set up manually by adjusting the electrical contact points on the con- 7 
_ The filling and discharge gates of each batcher are actuated by the move- 
ment of two mercoid switches. One switch cuts off the major or rapid feed, » 
and the other c cuts off the minor or ‘dribble final feed. Additional dribble feed 7 
control switches, operated from the control board, are installed on all 
a batchers for use when the batchers fail to function properly due to arching or > 
7 jamming of the materials. With this type of plant, it is practicable for the oper- — a 
7 ator to press the full automatic button and batch up the nine ingredients at the 
same time, or he can batch up the nine ingredients one at a time. | Control . 
and interlocking devices are all Of batchers and charging 


chutes, and three 


‘The weighing levers of each batcher are connected to to the d dial 


7m. 6.—ATHEY FLOAT. 


All of the batchers are connected to a ten pen autographic nian te : 
produces a continuous graphic record of concrete batching operations ona 
single ruled printed chart. A separate pen is provided for each of the nine 7 
: ingredients. These pens indicate the weight of each ingredient in each batch. : 
_ The tenth pen indicates which one of the twelve mixes was used for that par- 
ticular batch. The chart is 64 in. in width and is mounted on two steel rolls” 
inate the “control board. The plain white paper supply is on one roll. The 
& other roll , that is pulled by an electric motor, contains the p printed chart. As 
a the chart rolls, a rubber stamper rules the full width of the chart in red ink. 


pens indicate the of the batchers in black ink, 
compressed air electricity Only one is necessary to 


hr of operation. 
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_ The plant is equipped with three, + cu yd concentric : zone tilting mixers. — 
- Each mixer is- ‘equipped with a 75 hp electric driving motor. The mixers are 
: Borge with a timing and batch counting device installed on the control 
board. The timing device effectively locks the discharge mechanism until the 
_ required mixing time has elapsed . A mixing time of 2-1/2 min is required for 7 
eo a 4 cu yd batch. A master relay connected to the cement weighing must be on ; 
before any material can be weighed out automatically. This relay prevents — 
‘batching and mixing of concrete without cement, All — dials must or 


_ zero before any material can be weighed out in any batcher. 


Processed concrete discharged from the mixers into a a 19 cu yd wet 


‘batch hopper equipped 1 with a 48-: -in.by-48-in air operated discharge gate. 7 
From the hopper, the concrete | passes through the gate into 4 cu yd buckets. 
Tractor-mounted steel trailer are used for transporting the buckets tothe | 
forms (Fig. 6). A Lima 1250 SC and two revolving lifting cranes | (Fig. 7): are 

“used to lift the buckets into the forms. The concrete is consolidated with air 


Ash in Quality Concrete Mixes,’ Chteago Fly Ash Co. 
2. “A Review of Pozzolanic Materials" and ‘Their ‘Use Concretes,’ by 


_ Raymond E. Davis, 1 1950. 


= 

| 

4 

{ 

— 

= 


_ March, 1961 


w 


a 
| 


Journal ‘of the 


CONSTRUCTION DIVISION 


of the American Society of of Civil 


Ve 


MARINE FOUNDATION IN OIL | FIELDS 


_ 


of the largest oil 1 reservoirs the world. Oil w was discovered in 1914 on land 
along the eastern shore of the lake. Since then, development has progressed | 
until today there exists approximately 2800 foundations for drilling platforms © 


and other structures constructed in water depths up to 113 ft. The method of aa 
constructing these is the subject of this 


Lake Maracaibo (Figs. 1 and 2) in isa a pear shaped 
“body of water, 115 miles long and 70 miles wide at its widest place , connected - 
to the Caribbean Sea. The lake bottom, which is of sedimentary origin, con- 

_ sists of stiff clays and dense sands overlain with soft silty clays varying in. 
_ thickness from a_ few feet up to 100 ft. The lake is subject to wave action up | 
to + 6-8 ft and wind storms up to 80 mph. These storms, although very in- 
tense, are generally of short duration. Winds normally blow from the south- 
east and from the northwest. The lake has a salinity that varies —— 
on regional eed from 400 ppm to 1500 ppm chlorides, as —_ with 


Note. —Discussion open until August 1, 1961. To extend the closing ya one month, 

a written request must be filed with the Executive Secretary, ASCE. This paper is part 
of the copyrighted Journal of the Construction Division, Proceedings of the American — 
ead, of Civil Vol. 87, No. CO 1, March, 1961. 
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«35, 000 ‘ppm in sea water. The lake mies is rn corrosive, to the ex- 


tent that a bare metal pipe has a life of only 3 to 5 yr. A severe teredo 7 


many years. Engineering studies and experiences have been used to provide 
increasingly economical structures for greater drilling loads. The loads aaa ~ of 
originally 250 tons but arenow 500 tons, 

Ce) is Four basic types of structures can be used for a drilling platform in an 7 

 over-water operation, namely: (a) column foundation braced with batter piles; . 4 

(b) rigid frame without batter piles; (c) braced bent or template used to ob- 
tain ‘rigidity; | and @ mobile or: floating platform (Fig. 3). The first three 
have been used extensively in Lake Maracaibo and the fourth is presently — 


we in 1923, with very. little in o oil field work and timber 


“drilling equipment tanks, and for drill pipe and 
Casing. In some cases aS Many as 80 to 100 piles were driven. The initial 
cost of these structures" as as s the maintenance cost was very high. 
i Later, the number of required piles was reduced by mounting the accessory © 
be. drilling pieces of equipment on barges that could be moved from one location | 


Ps to another, — only the derrick loads to be carried by the foundation. Ine 


The concrete piles soon demonstrated their superiority over the 
ber because of the higher load carrying capacity and lower 
1929 to 30, as the oil fields developed, it became apparent that many 
structures would be required. Engineering studies of the total operation in- 
dicated that economic enigaraes could be constructed in the lake by applying — 
certain principles are still applicable. They y are: 


1. Structures will be required ‘in extremely variable . soil conditions in 
water depths varying from 25 ft to 100 
2, Basic ‘components must be simple, low in cost, capable of being stand- 
ardized, and subject to mass production on shore. 
Due to the corrosive waters and the presence of marine — struc- — 
"tural material will have to be corrosion and teredo resistant. _ we on 4 
4. Basic components will be limited to the largest size that can be omen : 
by standard floating equipment. 
5. Work at the site on the lake will be eudinet. [a a 
6 + foundation design will be adaptable to support drilling loads — 


as well as tanks, transmission towers, manifolds, and other eeetacatall 
To meet the projected program a design was developed, and a temporary 
“ial yard for concrete piles was constructed in Lagunillas in 1933. In order 
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to keep up with the increased loadings and ~— depths, a larger and ‘more 
permanent was installed in La ine | in 1935. _ This yard w was capable of 


sizes generally manufactured were 16 in. x 16 in., 20 in. and 24 in. x 24 in, 
Foundations were designed for a maximum derrick capacity of 300 tons ata 
ft drilling depth in addition the dead loads and side 
> The foundations usually consisted of 12 piles with 3 piles in each of the 


4 corners of a square. Each corner had its own cast-in-place concrete cap. | 


: A steel base, prefabricated on shore and weighing about 20 tons, was designed 


to carry the drilling loads to each corner. This was placed on the caps and a 
smaller cast-in- place concrete cap was used to tie the base to the corners. 
‘The drilling floor was usually 12 ft above the surface of the lake. A et : 
foundation of this type is shown in Fig. 5 

1938 studies were commenced to develop methods of constructing 


; ioantinion water depths | greater than 60 ft for rigs able to drill depths up , 
to 7500 ft. Soil investigations indicated that there were areas in which a 


“supporting stratum. The structural members were required to be ofa a weight © 


additional 80 ft to 100 ft of soft silt would be encountered before reaching a 


| 


within the 50 ton limit of the floating rigs then available. A further require- _ 
- _ ment for the supporting members was maximum strength to support t the in- 
- ereased drilling loads (400 tons). From studies of many methods it 1 was con- : 


cluded that the best member would be a hollow cylinder or caisson (Fig. 6). 


ot In 1939 the first caisson foundation was built. For strength, the shell of 
the ‘cylinder v was formed of 1/4 in. - - 3/8 in. thick steel plate. To protect this” 
steel plate from the extremely corrosive waters of the lake, a 4-1/2 in, 
concrete cover was placed on the outside of the plate. To facilitate fabrication | 

the shell was made in sections 15 ft long. Inside diameters « of 40 in., 48 in., 
and 56 in. were used for the shells. The concrete cover was reinforced with 
» 4 in, pitch spiral cage of 1/2 in reinforcing rod, The concrete was placed 
with the shell section in a vertical position. After proper curing of the con- 

: crete, the sections were placed in a horizontal position and joined together 

- to form caissons up to 195 ft in length. The first caissons were bolted to- 


barges were used to transport the caissons to the foundation location, but 

~ later the ends of the assembled caissons were sealed off and the caissons 

install the caisson foundation conventional pile driving procedures h had 
to be altered. The floating pile driver was fir first spotted in position | and used 
i to lift and plumb the caisson, that was then filled with water. The caisson 2 
was weighted in position with a 200 ton load, made up of four 50 tons nesting» 
concrete (Fig. The standard caisson foundation for oi oil well drilling 


4 gether but welding soon ‘proved to be a better joining method. Originally, 


“a consisted of 4 -caissons 21 ft center to center on the corners of a ‘square. 


The caissons were connected at the top with four arched box girders of welded 

3 _ Steel that were panes 3 and clamped to the caissons. The standard @: 24 ft square 

prefabricated steel base with cantilevered wings extending 10 and 15 ft on 

a Opposite sides for  illing equipment was then placed on top of the box 

toncrete over the 88 and connected to them with a small cast- ‘in-place 

concrete cap. The height of the drilling floor was ‘raised to 17 ft above the 
surface of the lake to give clearance under the arched box girders or portals 
for production personnel to disembark from launches onto the galvanized 


_ steel landing platforms that were hung from the underside of the steel base. 
vv. 
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The caisson type. foundation. was also used for larger marine foundations 
~ guch as multiple oil well drilling platforms and flow stations for gathering» 
oil from surrounding wells. Fig. 8 shows a foundation used for drilling three _- 
oil wells, the same basic elements being used in extending the foundation. _ 
a From a design consideration there is aradical difference between the con- | 
crete pile foundation and the caisson type. The stability of a pile foundation _ 
depends» on the use of batter piles at each corner to provide lateral strength. 
caisson foundation, tied together at the top, is a true rigid frame and 


little or no soft silt cover. In these areas it was extremely difficult to obtain 
the required penetration for with the large diameter caissons. ‘The 


z economic considerations, led to the initiation of studies in 1946 of a 
= pile casting yard and a heer floating pile driver to handle large — 


up to 185 tons. A floating pile driver of 200 ton lifting capacity was taster sented 
and the first deep water concrete pile foundations were installed. In 1954 _ 
the: last caisson foundation was constructed. With the new pieces of plant and 
_ equipment, piles up to a maximum length of 210 ft with a 24 in. x 24 in, head 
and up to a 48 in. x 48 in. _ maximum section with points from 6 ft - . 35 ft long 
can be produced. The piles are tailor-made for each specific location, making 
the most economical use of materials, 
_ With these new facilities the type of foundation in general or tothe 
- original concept, except for heavier and larger piling and with eight piles 
being used in lieu of twelve. iid present day m method of construction is de- 


SUBSOIL TESTING] 
Due to the extremely variable character of the — conditions in the lake, 
the standard procedure for determining pile length is to ) test drive a metal 
7 pipe pile” of 24 in . diam weighing 110 lb per ft. Based on correlations with 
dead load tests and performance of existing structures, lengths are determined le 
to an accuracy of + 1- 1/2 % . Contour penetration maps have been prepared 
but generally, due to the extreme difference in bottom conditions, a test is 


required ateach location, 
Experience has indicated that there is a considerable variation in riving 


= 


in well = era loads are rizontal loading. 
=~ 


: 


4 
a: 
number of blows per foot are required to drive a 24 in. concrete pile as is _ —_— : 
required to drive a 24 in. steel pipe pile to the same penetration. > — 
| 


MARINE FOUNDATION | 
a acting simultaneously ‘with the maximum horizontal loads. The vertical loads 
consist of the structure and drilling loads and vary from 90 tons to 200 tons 
per platform corner, The horizontal loads are due to wind and wave 
and are approximately 10 tons per corner, acting approximately 10 ft above 
the water line. Some torque forces are introduced by the rotary table into 
the structure, but these are resolved into lateral loads acting on the pile 7 


- The loads, vertical and horizontal, a are . transferred to the supporting soil 
_ through a system of vertical and inclined piles. . The vertical, or plumb, piles 


are’ arranged in the pile layout to transfer primarily the vertical loads. = 


horizontal loads are transferred through a system of pile bents composed of 
_ plumb and batter piles together ' with the steel base forming a bent. he 
me. The piles are designed to resist various forces under the following con- 


ditions: to fin 
a. Transportation and handlin, 
b. Driving with hammer « or weight; 
c. Free standing after being driven; 
_ d. Partial bent action while piles are staylathed and not fixed; and oe 
Rigid frame bent t action after piles are connected at top with caps. 
a In ‘the design the allowable concrete stresses are based on an estimated 
ultimate strength of 4000 psi concrete, steel is used. 


METHOD OF FOUNDATION CONSTRUCTION 


: ‘to permit an orderly flow of work effort. An overall program is prepared 7 
annually that extends 3 yr into the future. Overall plans are based on these 
estimates as far as providing facilities are concerned. Within a single year, 
7 * ‘schedule of construction is prepared and corrected monthly to determine | 
the work load for the yard and field forces. . These schedules, while ‘oll 
‘flexible, in general are close enough to project accurately individual daily _ 
— schedules are the casting yard and lake construction forces. At times, emer- 7 
gency construction is required because of accidents or the overall program 
_ being altered to conform to crude sales or special market conditions. Blow- 
outs of wells or accidents sometime require immediate installations. For 
these, special stocks of piles of varying lengths are maintained in storage el 
that individual foundations can be built within two or three days. The scheduling 
) of the entire operations is quite involved and requires continual contacts with 
_ management, petroleum engineers, geologists, drilling operators, as well as" 
the operators of the casting plant and lake construction crews. One of the 
‘main reasons for the company’s decision to perform this type of work with 
_ company personnel is the difficulty in maintaining fixed schedules on which 
definite contracts could be awarded. In order to prepare an overall plan for 
equipment and crews, with the many types of structures in different water > 
_ depths, an “equivalent foundation” that approximates the work and equipment 
effort to. construct an eight pile (24 in. x 24 in. piles) platform has been de- 
7. For cae scheduling, all work * converted to an “equivalent founda- 


q 


> 
— 

| 
g 
g 
&§ ‘i 

' 
iza- = 
— 
| 
| 
— 
| 
= 


= 


tion. ” The following is the number of foundations” in 


“Year wivalent | 


1952 


1954 
1955 


1958 


Table 1 shows the work load of the yards. To protect. the head 
corrosion the protector casing through wt which the the wellis driven is coated with 


TABLE 1, “TABULATION OF PILE 


Linear Ft. Piles 
_ Number Protector Casing 
Linear Ft, Protector C Casing 


of Steel | 11030, 
Tons of Pipe 


_ concrete covering, Th These quantities are also shown. In addition numerous 


— beams, and special prefabricated es are manufactured. 


FACILITIES 


- ad ‘Fig. 9s shows a ‘general layout of the casting yard facilities located in La 
Salina, ' The yard basically consists of two casting floors located under gantry : 
cranes that are used to o place forms, reinforcing cages, and to more and load : 


thecompleted piles, 


_ total of nine different sizes of piles are regularly cast for the varying 
water | depths of the foundations. ‘They are given in Table 2. 
_ The piles weighing less than 59 tons with lengths up to 133 ft are cast in| 

the small pile casting yard longer piles are cast in the 


cation A-15 reinforcing steel bars. 


‘that The piles cast in large yard have a cross: section. 


weighted ‘to refusal by use of a 200 tom ‘weight on the pile artver, Batter piles | 
c are cast with a flat head for driving. All piles taper to 12 in. x 12 in. at the 
‘point end. The length of this point varies from 6 ft to 35 ft ania on soil - 
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In the large pile casting yard piles are picked up (Fig. 10) by 1-1/2 in. 
— that pass vertically through the pile and screw into 6 in, x 6 in. flat mate 
{ >. _ at the bottom of the pile. These bolts and nuts are reusable. A liftingtruss 176 - 
- ft long and 12 ft 6 in. _ deep having pickup points 11 ft on center engages the 7 
P ; head of the p pickup bolts. +The lifting truss in turn is ; supported at its one- fifth 
- points by two 100 ton bridge cranes. The 100 ton cranes have a span of 135 ft 7 
_ and Operate « on a runway | 1 122 ft t long, covering the casting, ‘storage and loading 


t the crane has a capaci- 


Reinforcing for the piles is fabricated on an assembly line basis (Fig. 11). 
Inv the large yard eight steel cages may be assembled at one time on four —_ 
double steel-tying racks. The main reinforcing, consisting of No, 11 deformed 
bars, is butt welded by a semi- -automatic arc > welding machine into continipus 
lengths. ‘This machine | runs on rails and may be among at any one e of the © 


Piles, in inches in inches Square (Double Taper), 
x 20, 
24 x 24 
30 x 30 


press mounted on the same car. They are then rolled to their correct position 
in the pile by means of twenty steel rollers 10 ft on centers. The bars are then 
manually kicked off the rollers onto arms that support them while the rein- 
forcing cage is beter tied. _The re are bent ” size by an electrically 


long (Fig. 12). ‘These are placed to form the sides of the piles. At times, to 
conserve epace, previously ¢: cast piles are used for forms for the pile to be 
poured. Steel — of the proper length and cross section are used to form _ qd 
the 
_ The piles are cast flat on the floor, thus leaving the axis of the pile in- 
: - gline at two or three degrees with the horizontal in the | case of tapered piles. 
_ Two in. concrete coverage over the steel is maintained by using 2 in, ~~ 
= blocks on the bottom and si sides } and two inch thick wooden screeds on the 


truss. Forms of ‘concrete ft 6 in. wide 4 ft 0 in. high by 65 ft 


Concrete is mixed at the companys batching plant that is located midway 

~ ‘between the two yards. The plant consists of two 2 cu yd mixers, each wit h 
ially 


aggregate storage bins and cement siols. _Alocal aggregate, that is essential 
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al limestone, is used, ‘It is mined from a quarry located on an island on the 
poo In the interest of economy andfrom experience, a crusher run gradation 
| used. . Mix specifications are for 6.2 to 7.5 sacks of cement per cu yd, to — 
obtain concrete with a strength of 5,000 psi at 28 days. ‘Slump is not permitted | 
to exceed 2 1/2 in. Insome cases admixtures are used to improve workability. 
- Concrete is transported on a narrow gauge railway by means of single 4 cu yd 
"buckets hauled on aflatcar. The bucket is lifted from the flatcar and positioned — 
' over the pile by one hook of the 100 ton gantry crane. The concrete is vibrated 
in the form using internal vibrators and the surface is given a wood float 7 , 
‘ ‘finish. A commercial curing compound is immediately sprayedon the exposed - 
surface of the pile. Forms are stripped after 24 hr and the pile is moved into 
the — storage area after 48 hr, to remain a minimum of 18 days. The design _ 
"4 strength | of the pile (4,000 psi) is obtained in about 8 days. . All movements of i 
a the piles on the casting floor, to storage, or onto barges are done with the 
_ lifting truss to keep the stresses in the concrete toaminimum. = ~~ 
Be, In storage, the piles are stacked a maximum of three high. The bottom — 
_ piles rests on a 4 in. cushion of loose sand and the succeeding piles are | 
blocked up every 11 ft with timbers, When cured, the piles are loaded with the 7 
; _ gantry cranes and shipped to the locations on 200 ft x 48 ft x 48 had ‘x12 ft barges 


having a ‘capacity of 1200 tons, 


a 


CONSTRUCTION 
gg 
On arrival at a foundation site, that has been previously located by tri- 
7 angulation, the piles are handled by the large 200 ton driver. Fig. 13 shows © 


aa this driver . Two of these are in operation. A pile is lifted using a three 7 


the vertical ‘piles, | or in ‘the leads in the case of batter piles. The vertical 
F piles are pushed to , full penetration using a 200 ton concrete weight (Fig. 14) _ 
7 that is placed on the pile after it settles under its own weight and is partially 
fixed. The batter piles are driven using a 30,000 ft-lb energy hammer to 80 
> ul ton bearing capacity. Immediately after driving, the plumb and batter piles” 
are clamped together with an 8 in. x 8 in. aluminum angle backed with a 3 in. 
x 8 in, creosoted board for contact with the pile. These clamps or staylath © 
ie temporary | ‘stability in the form of bent action between the piles and 


” pickup and positioned | in the ‘pile Spotter located on the bow of the > barge in 


support the form for the cast-in-place concrete cap at each corner. This — 
concrete is poured from a floating concrete plant | that is shown in Fig. 15 
Eleven of these plants are in operation. After the cap concrete has et 
the forms and staylath are removed. A steel base, prefabricated on land, is i 


crete cap. In emergencies ; a this type has been ‘constructed 
within 2 1/4 days including driving time and the erection of a derrick. 7 
recent years drilling depths greater than 10,000 ft have necessitated 
_ the - design of larger foundations, not only for the increased load, but also for 
the larger drilling platform. For exploratory or “wildcat” deep well drilling, 7 
_ the foundation designed for depths up to17,000ft, as seen in Fig . 16, has ween 
“_ ~ constructed. Twelve piles, 2 plumbs, and one batter per corner are used, 
A light pipe base is embedded in the caps to tie the 4 corners together. Land- 
ia ing platforms are hung from this base. Bolted at each corner to a bearing plate 
of the pipe base, and located just above the he concrete cap, As 3 a 30 ft square, 
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floor to 28 ft from the surface of the lake. After drilling the well, the derrick 7 
and substructure can be moved without disassembly toa new foundation, leav- 
ing only the piles, landing platforms, — and light pipe base in place. As the - 
well will require servicing in the future, the piles are | driven so that a 24 
sq substructure and derrick can be placed if required. 
_ The most recent development in the lake drilling has been the use 2 of J 
“rig mover.” In essence this is a pontoon supported, hydraulically operated, 


machine that passes | over the foundation and through hydraulic lifts picks up 
the drilling floor system, weed equipment, leaving a pile 


; installation in | place after | the well is ‘drilled. ¥ 


Many larger foundations have been built in n deep water on co 
Many of these are platforms for flow stations to store oil from the surround- 
, ing wells prior to pumping it to shore tanks. The larger stations m measure 
roughly 60 ft by 100 ft and rest on 40 piles. The same staylath and reinforced 7 
-cast-in- -place caps a are used, except that the caps form parallel 
ents extending the width of the station. Sixteen-in. steel beams on 3 ft 6 in, = 
centers are then placed and levelled on top of the caps. The decking consists _ 
ot 6 in. thick reinforced concrete slabs, precast in the pile casting yard in 
La Salina, that are supported onthe beams to which they are anchored. Fig. ly 
shows a completed 6 tank flow station. Each tank has a capacity of 1500 
“barrels. The poles extending above the tanks are lightning arrestors. | 
- Since 1952, four foundations for gas conservation plants have been con-_ 
"structed on Lake Maracaibo. These foundations are somewhat larger in area 
than a football field and are supported by from 300 to 500 concrete piles per 
platform (Fig. 18). A method of construction been developed that is 
- kooping with the basic principles originally stated. On the original platform 
the construction procedure used was that of Griving the piles and casting all 
beams, girders, and ‘Slabs in place at the site. For subsequent plants, the 
- method of construction was ‘changed whereby the piles 1 were driven as as shown | 
in Fig. 19 . Pile caps consisted of a box prefabricated on shore, placed and 
-grouted | as shown. . Beam work was prefabricated on shore in grid sections © 
and transported to the site on ‘barges. These grids measured 138 ft x 18 ft 
and weighed 198 tons. After these grids were placed in 
Place a and precast slabs placed to form a 
Studies are constantly being made of the possibility of new methods and 
designs to reduce foundation costs. Creole is continuing to work ona develop- 


ie lower cost piling, principally by constructing piles with hollow cen-— 


ters in order to reduce the material. Allof these studies require considerable 
research and development before they are ready for full scale operation on the - 


is } only” a small portion of the total cost of the | pi 
will, by necessity, have to be inthe reduction in material a and equipment time, 


dake. Our operation has been mechanized to the extent that the cost of — 
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DRIVE PILES 


(2) PLACE BOXES 
(3) PLACE GRIDS" 
4)" PLUGS 


SLABS 


_ FIG, 19.—METHOD OF CONSTRUCTING 
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MARINE FOUNDATION 


7 Other ideas that are being considered are the possibility of using a floating 
 eraft support the drilling loads” leaving only a braced well head with a 
; minimum structure to carry pumping loads. The biggest problem in connection | 
with this will be stabilizing the floating platform within the allowable drilling . 
with the wave action exists onthe lake. 
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BLENDING NATURAL EARTH DEPOSITS FOR LEAST aioe of 
B. Ritter! and L. R. Shaffer,2,A.M. ASCE 


SYNOPSIS 


Materials puch as tee used for granular embankment « or base course in 


“highway construction can be obtained by blending natural earth deposits. The 


mathematical theory of linear programming is used to determine the quntt- 7 

« _ ties of each available natural earth deposit to be blended so as to produce the 

desired material at least cost to the constructor. . An actual situation involv-_ 
z granular materials is formulated and solved. The results are examined © 

for reliability a and are interpreted with and without the aid of the principles of 

engineering economy. Linear programs are described for | practical cases — 


linear programming | to cases: in general are noted. 


: ‘During the planning of practically every component of every job the construc- 
tor must supply materials, on-site at minimum cost to him, which will satisfy © 
‘the material specifications for the job and will be in the amounts specified by 
his construction schedule. In order to satisfy these criteria, the “apond 
must constantly answer the question of when, , how much, and how often (or both) 

he should obtain which materials from which « of the several sources of supply. _ 

_ To answer this question, the constructor must have knowledge of the physical | 


"properties of materials, their delay characteristics, their storage require- 


Note, Discussion open until August 1, 1961. To extend the closing date one month, 

a written request must be filed with the Executive Secretary, ASCE, This paper is part 

of the copyrighted Journal of the Construction Division, Proceedings of the American 


Society of Civil Engineers, Vol. 87, No, CO 1, March, 1961, maerad omy 
1 Design Engr., Wilson and Anderson Con, Engrs., Champaign, x  .. 


Head Div, of Constr. Engrg., Dept. of Civ. Engrg., Univ. of Illinois, ‘Urbana, Mm, 
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each source - of supply. He also must know the on- 1-site storage facilities oa 
materials, the rate at which each material will be used on the job, the plans — 
and specifications of the job, transportation costs, material prices, and dis- 
counting or premium price practices. Obviously this question fosters a rather 
_ complex problem. The problem is probably most complex when an on-site 
_ material is to be a blend of natural earth materials. Sa ae 
we the present time, constructors attempt solutions to this problem by ap- 
- plying “common sense” methods, from guesswork to systematic trial- and- 
error procedures. Every constructor has his own rules-of-thumb. It may be 
difficult to give precise, explicit grounds for their application, let alone ‘ proofs,” ” 
- but there is a general ae that they lead to fairly acceptable results as 


these problems more scientific” methods n must be) ‘that 
-‘-. ‘mathematics must be applied to the problem in such a way that all of the 
relevant, measurable factors are formulated in a a mathematical m model 


of the: problem | situation. : 


constructor’s problem of material procurement is linear 
one cases the following factors can be formulated directly in such a model: 
_ The physical properties of the material, the availability of materials at each — 
_ source of supply, the on- -site storage facilities for materials, the delivery fa- 
cilities for. materials from each source of supply, the material specifications | 
_ _ for the job, transportation costs, , material price and discounting or premium > 
4 practices. The solution to. such a model states, “if you ’re interested in ob- 
taining a material on-site, at minimum cost, which satisfies all of the factors | : 
which are formulated directly in the model, then obtain x amount of material — 
_ from source 1, ¥ amount of material from source 2, etc.” erste 
eae nents. linear pro programming is the model in which a minimum (or | 
maximum) is found for a linear function which is subject to a set of linear 


strictions and also to the requirement that the of the must be non- 


max (Linear Function) . 


— 

= — ments, the climat ; ty of materials at each source bo tae 

{ 
Bic 

mi 

— 

| 

= 

Pos 

g =f = min or 


| 


is less than zero, the sceliies, involves selecting al values of the variables 
which minimize (or maximize) the linear function. 

Generally it would be impossible to the ‘set of equal- 

“ity relationships of the linear restrictions and the requirement that the x;’s be 

greater than or equal to zero. However, if the linear restrictions are relaxed © 

a to inequalities, then the requirement xj 2 > 0 and the set of inequalities mt 

satisfied linear (L.P.s) consist of the follow- 
formulations: 


=h= min Cj xj = max 
= 
J 


at +t ape 


n; n> 
‘These inequality expressions can be written = equalities by the 1e addition of 
_a Slack variable to each inequality : relationship. For example, let the — 7 
statement of an inequality be a 


Adding the slack variable Xn + i we have 


4i1 = a2 *2 ain Di 


If in procedure wetreat the variable x +1 exactly we treat 
the variables x1, X9, .......X, and find a beans greater than zero for al + — then 


<a inwhichi-1,2,..... —_ When n > m, the system of equations de- 
a fining the linear restrictions will have, in general, an infinite number of solu- : 

— 
— 
— 
4 
4 aij Xj 
j= 
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jist the amount by which 7, is less ‘than b Hence, the 
inequality “interpretation” for the relationship is preserve 
Moreover, the of the inequality to ones of equal- 
2 ities allows us to apply computational methods of linear algebra to solve the 
¢ system of equations which define the linear restrictions. Of course the linear 7 
g function must be expanded to include the slack variables. 
4 


Cy One solution process for L.P. models is the simplex method. It is an itera- 


7 tive procedure consisting of the following steps: ; 


m of the m+n variables; the | remaining n variables are set equal to © zero); 7 . 

3 2. Substitute this solution into the linear function and determine f (Eq. 2). 5 
3. Test whether this value of fis the absolute minimal (maximum) value — 


4, If it is, the process is complete; if it is not, replace one of the 1 m vari- 

ables inthe solution one of the remaining nvariables and return to step 


_ Thus the process iment the variables and the values they m must assume to a 
_ each minimum (maximum) value of the linear function. Because the pro- 
cess is convergent, each iteration produces a value for the linear function that 


_* more minimal (maximum) than the one obtained inthe iteration immediately 


_ Preceding it. The last iteration produces the absolute minimal (maximum) 


‘ value for the linear function; 


___ Although this knowledge of linear programming is incomplete, it is hoped 

, that a sufficient understanding of the concept has been obtained by the reader 

who is unfamilar with L. P. to follow the problem formalations to be described. | 

7 =xcellent treatises on the theory of an the solution | procedures for seated pro- 
gramming models have been presented. 3,4 


os Before proceeding to the problem formulation, it might be well to _— the — 


= mathematical assumptions which any real-life situation must satisfy in 


order to be represented accurately bya linear programming model. These re- 


_lationships are more obvious if the restrictions are written as follows: 


_ 3 an Introduction to Linear Programming,” by A, Charnes, Ww: W. Cooper, and A, 
Henderson, John Wiley and Sons, Inc., New York, 1953, => 
4 Linear Programming,’ by S. I. Gass, McGraw-Hill Book Co., Inc., New York, 1958, 
5 “Mathematical Methods of Operations Research,” ’ by T. “& Saaty, McGraw -Hill © 
Book Co., Inc., New York, (1959, 
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These 2 ‘assumptions a are as follows: 

e Homogeneity. —The relations described by ‘the linear restrictions must — 

7 


represent activities, such as the column vectors, each one of which is defined : 
_ by a set of constant coefficients which are in constant ratios one to the other | 


irrespective of the value of the variable, 
2 Additivity. —The relations described by the linear restrictions must rep- 


resent activities, such as the ge vectors, which can be combined without 
affecting each other’s coefficients, 
Constant Coefficients in the —The coefficients in the 


mene function must be constants and independent of the values of the variables 


BLENDING NATURAL EARTH MATERIALS © 


One ey situation which satisfies the basic mathematical assumptions s of 
P. is the manufacture ofa material whichis a mixture of natural earth mate- 


rials, 


— 


“struction. In Illinois, , this material can. be ‘made of pit-1 run n gravel, gravel, 
or crushed stone”6 which meets the specifications regarding (1) deleterious 
substances, percentage of wear, (3). ‘soundness, (4) gradation, and (5) 

_ Plasticity index (PI). 6a In many areas of Illinois, many pits exist whose de- 

- posits satisfy requirements (1), (2), and (3), but relatively few whose de- 

"posits satisfy all five of the requirements. However, it is possible to me- 

- chanically r mix proper proportions of materials from several pits whose de- 

-_ satisfy (1), (2), and (3) and produce a material which satisfies all of 

7 the requirements. Clearly the restrictive requirements are (4) and (5). 
‘To determine how much of which material from which pit should be mixed — 

to produce a material which requirement, the following 

*- The gradation requirements are expressed as percentages of material 
passing eachof the several sieve sizes in a set of sieves. The amount of mate-— 
rial passing any particular sieve is not influenced by the material not pancing 

~ that sieve. Hence, the percentage passing requirement for each sieve size can 

be examined separately, 

2. The deposits in any pit consist of distinct strata of soil types. . The grada- 7 

tion available in each strata is not influenced by the strata above it or below it. 

Hence, each strata can be examined separately. Therefore, the gradation avail- = 

able in each strata can be evaluated in terms of each separate sieve <a 


ala Thus, for any selected strata in a specific pit it is possible to relate a par- 
ticular percentage -passing gradation availability to the corresponding percent- 
passing gradation requirement. e mathematical formulation for these 


Let : aij be. the fraction of a pound of ‘material in strata j passing si sieve size 
i per pound of material i in 1 strata i; let bj be the eznction of a pound of ae 


7 7 xj ! snl of pounds of material from strata j in the mixture. When several 


1958, (a) p. 619; (b) p. we pp. , 96, 106; (d) pp. 78, 144, 


a, 6 “Standard Specifications for Road and Bridge Construction Division of Highways = 


| 
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- in one pit contain material which passes sieve size i, or both conditions exist, 


"the eTng © equation 5 for the gradation requirement can t be written: 
= 


7 pits have strata containing material which passes sieve si size i, or several strata 


+ Feces 


To determine how much of which material from which pit _" be mixed 
to produce a PI the the following 


in which, the number of of material from strata j in the 
mixture, is the of a pound of material in strataj which passes sieve 
No. 40 per pound of material in strata j, and PI; denotes the plastic index of 
: material in strata j. If the Plrequirement is expressed as a range, the follow- 
<PI (upper limit), (11) 
* 2) > PI (lower limit) (12) 
a Clearly sii expressions relating | gradation availability ; and gradation re- 
quirement and those relating Plavailability and Pl requirement satisfy the L. P. 
assumptions of homogeneity and addivity. The only assumption which remains © 
" to be satisfied is that for constant coefficients in the linear function. 


inear function to be the following equation - costs: © 


c. x= f (minimum) 


ess Co., 
Ronald Press 


\ i. “Highway Engineering,” by L.J. Ritter, Jr. pa , and R. J. Paquette, Ronald Pr 
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in which c. Cj is the number of dollars requiredto obtain andtransport to the a“ 
_ site one pound of material in strata j, xj denotes the number of the pounds of 

- CR nsnpninioys from strataj in the mixture; andfis the cost in dollars of a specified 
amount of mixture. ; To satisfy the assumption of constant coefficients in the | 
linear function, the c; values must be independent of the value of x; it multi- 
plies; that is, the cost per pound must be independent of the soni of pounds» 7 | 
of material obtained and delivered from any source. Thus, in general, the c; 's- 
can represent only variable costs. Fixed charges, which would be the same 
no matter what sources of supply are used, are neglected. ae 
Actual Case.—The constructor purchases material only from independent — 7 
gravel-pit operators andcontracts withatrucker to have it delivered to an on-_ 7 
site central mixing plant. The cj's in this case include the following costs of 7 
pound of material: and load, owner’s royalty, pit 


Ground surface 
fae 


‘Unsuitable 
material 


"Pounds of material obtained from strata j ina 
The use of strata as unique sources of supply fosters two problems: 
- 1, An allocation procedure for prorating the costs of stripping tayeet 


nit to individual strata must be determined. 

: _ 2, The L.P. model solutions may contain material from deep ~—— ina na pit 
"(Material Bin Fig. 1), that is,no materials in the strata lying above the strata 
in solution are required. Thus, the materials inthe strata overlyingthe mate- 


operator’ It is to be emphasized i that Xj is the e number 


rial in the strata in solution must be wasted. Thus the cost of wasting mate-. 


Solution procedures for these problems v were obtained from consultations 


rare 


constructors and gravel- pit operators. basic tenets of the methods" 


45 

= 

4 & 


more obvious in an the following conditions: 
os Costs. - —Stripping = $0.25 per cu yd; excavate and load = $0,25 per cart; .: 
land owner’s royalty = $0.15 per cu yd; pit operator’ s profit = $0.15 per cu ya 
hauling = 


ok Problem 1.—A cubic yard of topsoil is stripped: for each 4 cu ydofmaterials © 
 Aand B excavated. allocation of stripping costs to materials A and 
avated. Ihe allocation of str 
given by: = 


Excavate andload = 0.2500 
Land owner’s Royalty 0.1500 

Hauling (1 mile) 0.0900 


$0.7025 7025 per cu 


0.7025 x 70015 $0.00026 per 


Problem 2.—Assume, for seis B, that it will be the only material in 
solution. ‘Hence 2 cu yd of material A will be wasted for each cubic yard of 
_ material B Produced. The cost of wasting is 2 ($0.25) or $0.50 per cu yd of 


Stripping “$0.0 0625 
_ Land owner’s Royalty = 0.1500 


s Profit = 0.1500 
Hauling ( 1 mile) = 0.0900 
$1.20 2025 per cu 
P per cu yd = $0.00044 per 


Ordinarily, the | constructor would not have knowledge of the pit 
—_ costs. He would merely obtain a price quotation from the operator, that i. 


‘price the constructor would add the hauling cost. Hence, the c constructor’ s com- 
_ putations of Ca and Cp would be as follows: The value Ca includes boththe __ 
pit Cost ($0.6125 per cu yd) and the hauling Cost (0.0900 per cu yd for a — 


y ‘The value ‘Ge includes $1. 1125 per cu yd for pit Cost and d 0. 0900. per cu yd for — 


hauling for a total of $1.2025 per cu yd or $.00044 per 


PRODUCING GRADE 7 GRAVEL > 
: > iiee highway ¢ constrestion | in Illinois, grade 7 gravel can be used for ( (1) gran- - 
ular embankment, (2) subbase material, shoulders, (4) base course” 


— 
d 
= 90.0625 per cuyd 
| 
4 1 
4 
q 


material, and (5) surface- course material.6b Clearly, s1 such a multi- ~purpose | 
material is in great demand. It is estimated that in 1959 alone approximately — 
1,000,000 tons of grade 7 gravel was used in construction projects completed — 
by Illinois Division of Highways. h deposits which sat- 


a Currently grade 7 gravel is obtained from natural earth deposits which sat-_ 


2 all of the appropriate requirements of the Standard Specifications for Road 
and Bridge Construction of the Division of Highways, State of Illinois . It is also 
all - obtained from commercial sources which produce a material which satisfies — 
= of these requirements, or from blending either natural earth deposits or 


natural earth deposits and ‘commercial quarry pro products to ‘produce a material 


which satisfies all of these requirements. _ If the gravel is to be used for sub- - 
:: , gravel shoulders, or base- -course then, irrespective of the method of pro- 


curement, the material must be processed through a a mixing y plant. 6c Even if 
it is used as granular embankment or surface-course, such processing may > 
be required by the resident engineer.64 
Currently the constructor must willingly pay the current market price to 
existing suppliers of grade 7 gravel for he has no alternative source of supply. 
i he had alternative sources of supply, he could choose from among all of orl 
_ sources of supply, the one which would provide him grade 7 gravelfor the least _ 
4 cost. If the source he chooses will provide him grade 7 gravel for a price 
ee. than the current market price, an obvious economic gain befalls him. 
If he transfers a part of this gain to his bid price, , the citizens of Illinois would 


vee 


_ The series of solutions obtained from solving a linear programming model - 


for r blending natural earth materials by the simplex method define alternative - 
sources of supply. Hence, ‘an obvious way for the constructor to develop alter- 
nate sources of supply for grade 7 gravel is towrite andsolve a linear program | 


nvolving th the e specifications for grade 7 gravel 


- the least cost solution provides for a satistactory grade 7 gravel at $1.52 per. 
to below the current market price. If the same savings were possible for all | 
‘of the 1,000,000 tons used in highway construction, Illinois might save $1, 520, 000, — 


—The following data are given: 
a. Grade 7 gravel is to be the base course material oniel a rigid pavement > 


highway to be ‘constructed at the point indicated on Fig. 


The requirements for for om" gravel as prescribed by Tllinois (Appen- 


3. Fifteen gravel pits currently operated by independent gravel pit oper- 
ators exist within a radius of 69 miles of the jobsite, Fig. 2. (The 4 constructor 
chooses not to consider pits located further than 60 miles from the job site.) 
_* To produce grade 7 material from blending natural earth deposits, ‘the 
constructor chooses to consider only these fifteen 


Division of the Illinois Division of Highways; that is they satisfy r requirements 
(a), (b), and (c) of Appendix 


7, Each of the deposits in each of these cae is available in an eines 


— 


-—s«&&, A central mixing plant must be constructed on- ~site fo for | the grade 7 | gravel -_ 
be mixed irrespective of the source of supply. 


| 
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Pounds of Material in Solution No. 


= 
.1573 


“Bellare porto “3.00 


— 
A 24,31] 28.31] 19.80 - 43 | 19.49 
| 15.64 | 15.47] 14.62 
&§ 
L 11.71 | 26.08 | 33,50 | 54. 
‘ 


~ 


The of the pits to the job- »-site are good. he 
highway-mileage from each pit to the job-sites is known ( | Ta 
10, The constructor negotiates with a trucker to haul materials to the job- 
site for $0.09 per cu yd per mile. The unit price for hauling was selected by 

11. Soil tests have been taken of the materials in each of the pits (Appen- 

_ dis II). These tests show that these fifteen pits consist of thirty-seven differ-_ 
13. The constructor obtains price quotations (f.c o.b.) from each gravel pit © 
__ operator for the for the material in each strata in his ‘pit. _ Price quotations from the — 


& 
= 


2.4 


operators of the fifteen pits used in this example were -e not obtained. However, 
operators were consulted and they selected the following unit prices: 


sg Stripping ing 
or Excavate and dLoad = = 
Landowner’ Royalty = 15 per cu ya 


0.15 
per cu yd 

_ These prices were used to compute | the pit costs (f.o.b.) for the material i in 7 
each of the thirty-seven strata, 

- 14. The | cost to the | constructor for obtaining and having delivered to his 


central mixing plant one pound of each of the materials in the thirty-seven 


has been computed (Appendix III) 
15. ‘The current market price for grade 7 gravel from existing suppliers | 


is $3. 15 per ton, 


| 
| 
| 
— 
j 
— = — > Xyy, 
a 4 
q 
q 
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o ile The job requires es 100 lb of grade 7 gravel. T The figure 100 lb was used 


‘for illustrative purposes. _ The actual number of pounds required for a specific _— 
job should constitute this requirement. Of course it is possible to obtain the 7 
proportions required for any _ weight from th from the e design w weight used in the pro- 
gram by applying the formula 

Design Weight Design Weight ~ Desired Weight Weight 


¥e It is now necessary to determine how much of which of the materials in 


thirty- seven strata should the constructor blend in h his mixing plant in 


0.98 | 1 | 0.93 
0.78 | 0,84 | 0.86 | 0.88) 1 | 0.95 | 0, 85 : cae 1 | 0.89 


me 0.68 | 0.59 | | [om | 0.76 | 0.76 


Es [0.96 | 0.35 | | 0.16 | 0.18 | 0.16 | 0.18 


(19) | 0.96 | 0.96 | 96 | 0.35 0.18 | 0.16 0.65 | 0.4 
by 0.43 | 0,03 


[osm [on om foe 201 |e [oor [oat [ao 


Solution.—The complete linear program is shown in Table 2. ‘Inequations» : 


1 through 12 control the gradation requirements (Eq. 8 and 9 and Appendix I, | 
Table 1). Inequations 13 and 14 control the PI requirements (inequations 11 —- 

and 12 and Appendix I). Eq. 15 of Table 2 controls the amount of grade 7 
_ gravel required for the job. The functions (1) through (15) are the linear 1 re- 

strictions of the model. Eq. 16 is the linear function (Eq. 13). 
_ To illustrate the formulations of the gradation inequations, consider in- 
iii (5); that is the gradation | requirement that no more than 60% by 7 
weight of a measure of grade 7 gravel can pass the No. 4 : sieve. Appendix 3 
‘shows the percent by weight passing the No. 4 sieve for a measure of the 
‘material in each of the thirty-seven strata. Thus, in Eq. 8, a51 = 1.00, a59= 
55; a53 = = 0.65;. Rietay 4537 = 0.59 and bs, = 0. 60. ‘Hence, inequation (5) is 

_ written originally as in equation (5 ): eee 


1.00x, + 0.55x, + 0.65x, +... 


4 
2 
woN | x2 | | xe | x5 | | xr | xe | x | mo | | m2 | ms | | | m6 | | m9 | 
was 
} 0.63 | 0.94 | 0.84 | 1 | 0.76 | 0.98 | 0.78 |0.89 | 0.93 | 0.66 
0.70 | 0.99 | 0.95 | 0.63 | 0.68 | 0.60 | 0.50 
0.70 | 0.99 | 0.59 | 0.95 0.63 | 0.68 | 0.60 | 0.50 
0.65 | 0.20 | 0.90 | 0.20 | 0,80 | 0.19 0.65 | 0.41 | 0.09 
| 
0 |.00154 |,00160 |.00182 a 
4 
il 
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— 
But Eq. 15 states an ah 
Substituting into inequation | (5"),. we je have in equation (s**) 


1.00% 00x, + 


), inequation (5) follows directly; 


1.00x, + 0.55x, + 0.65x, 


PROGRAM 


x22 | X23 | | X25 | *26 


| 0.92 | 0,95 | 0.92 | 0.90 | 1 | 0.85] 1 | 0.89 0.90} 1 | 0.97 | 0.99 0.82 |< 100 


bes 0.96 | 0.62 | 0.80 om fee 0.63 | 0.49 1 | 0.84 | 0.81 


s 
> 
2 
s 
2 
s 
2 


0.03 | 0.18 | 0.01 


‘To illustrate the formulations of t the PI inequations, consider inequation 
3 (13). This involves the PI requirement that grade 7 gravel can have a PI no 

greater than 9%. “Appendix III shows the PI measures for material in each of 
& thirty-seven strata as well as percent by weight passing the No. 40 sieve. 

in each of them. Thus, in inequation G, Q; = 0.957, Q2 = 0.35, Q3 = 0.16,... -* 

Q37 = 0.11 and PI, = 17.1, Pip = 1.9, Plz =0,.... PI37 = 0. Hence 

(13) is written ‘originally | as vind 


957 + (0,38 35) (1.9)x 


a By cross multiplying and collecting sai inequation ( 13) results; 


— 
From (5' cal 4 
| 0.85 | 0.48 | 0.65 | 0.60 | 0.49 a | 0,84 | 0.7 | 0.47 | 0,36| 1 | 0.74 | 0.68 | 1 | 0.41 
12.5 | 6.75 | -.75 }10.8 | -.72 | 2.72 |-1.26 | -.38 7.9 
= 
L 


“Appendix II shows the cost to the constructor for having 
_ delivered to the mixing x plant 100 lbofthe material in each of the thirty-seven — 
‘Strata. Thus, in equation 13, cy = $0.00078, co = $0.00087, 3 = $0.00090,.... 


= $0.00236. Hence Eq. 16, ‘the linear function, =. 
$0, 00078x, +0, 00087x, + 0. 00090x,, + 0023659 = =£(min) 
al The program was solved by the. simplex method. The size of the program 
precludes applying the simplex method “by hand, # hence, it was necessary 
to write a “simplex code” for a computor. The best nine solutions to the linear 
program are shown in Table > (The running time for the “sil “simplex code”  for- 
Solution No. 1 states that a 100 Ib of grade 7 gravel can be obtained on-site 
for $0. 0815 only if this 100 lb consists of 24.31 Ib of xg, 70.34 lb of x5, 0.74 


Ib of x95 and 4.61 Ib of x1. One ton of this grade 7 gravel will cost — a 


2000 , 
100 


The proportions 1 ton are 
(2000 /100) ) (24. 31) = 486. Ib of x, 
“2 


“3 (2000/100) (70. 34) = - 1406.8 8 of 
(2000/100) (0.7: 74) 


(200/100) (4.61) 92.2 Ib of x of x, 


el (The first six of these grade 7 gravels are cheaper than the current ma mar-_ 


ae ket price grade 7. Because grade 7 gravel must be mixed irrespective of a 
- source of its supply, the gravel in any of the first six solutions is cheaper than | 
_ the current market price gravel. Fig. 3 shows the costs of the materials of © _— 
all nine solutions in terms of the least cost and market price materials. On — 7 
the pits are identified which contain the strata that appear in the two 


x $0.0815 = $1. 63° 


program will grade 7 ‘that is cheaper than market price 

-& grade 7. In this example the least cost solution might well have been solution 
9) 

= To determine the grade 7 gravel obtained with the least cost solution, -gub- 

‘stitute the values for x1, xg, X5 and x95 into inequations (1) through (14). 

substitution yields 85.9 for (1) and (2), 80.2 for (3) and (4), 59.9 for (5) -— 

; 4 (6), 46. 5 for (7) and (8), 24.4 for (9) and (10), 9.9 for (11) and (12), and 0 for 

~ (13) and (14). (To obtain 0 in (13) the value of its slack variable must be in- 

7 cluded, 122.1. This value appears in solution neven though it is not shown here. 

actual F this blend is 4. 01 (Eq. 10). —* 


OF THE RESULTS OF ‘THE LINEAR PROGRAM 
whether the grade 7 gravel for any of the cost solu- 

_ tions is actually realized, depends on the reliabilities of the functions describ- 
i ing the linear restrictions and the linear function. The linear restrictions are 

derived from Eq. 7 and 10, hence these equations must be verified. The linear 
function is dependent on the 8, hence the c;'s must be correct, 
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(Based on $3.15/ton 


Solution No, 


Selution No. 


Material [Distance to jo Type of 
site - miles Material | 


La] 
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“validity. of ‘that i is function, was verified 
the following laboratory experiment: 
_ Samples of five materials (a,b,c,d and e) were obtained. A grain size anal- 
‘ysis (ASTM C136-46) was made of each material. ‘The results of these anal- 
 -yses are shown in Table 3. A mixture of 101b was prepared from 2-lb batches a 
of each material. Using Eq. 7, the predicted grain size analysis for the mix- 
ture is shown in Table 3a. Agrain size analysis was made on the mixture, The 


a — obtained is shown in Table 3b. Clearly, the general validity of Eq. 7 

With regard to their PI function, Eq. 10, ce Ritter, Jr., M. ASCE, and Re 

*& Paquette, F. ASCE, write, 7 “In certain cases, where the agency is familiar 
rs with the soils concerned, materials of known PI's may be combined in trail 
proportions established by a design formula in order to produce a mixture of 
given Plasticity characteristics.” Hence they have established the general 


validity of =. 10. 


55 
a 


(b) E> Experimental Analysis 


of the are verified by the organization’s 


_ cost records. It is important that these records are sensitive enough to ac- | 
count for strata variations. For example the strata may slope. The costs of 7 
4 obtaining material may change significantly as the strata becomes closer to 
_ the ground surface. Hence, the same strata can become several strata, one 
with each significant change in Cj. 
a _ The case of sloping strata also emphasizes ‘the importance of adequate 
field sede for the reliability of the results” of the linear program. As the 
_ Strata becomes closer to the ground surface, leeching and so on may — 
a caused changes in the properties of the strata. . Hence, the same strata can 
become different strata in the model. Clearly, each strata in each pit must 
- thoroughly sampled to determine the extent of the strata of one material. 
ee Finally, the reliability of the results of the model is limited by the ‘use and 
7 limitations of the equipment required to obtain and handle pit material. Con- 
_ sider the case in which a strata is identified which is too thin to be excavated © 
individually. The material this Narrow strata must be combined with the 


Materia 
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— 
: 
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material in» the strata above or below it. The properties of these c 
- inatert must be determined. These combined strata are considered a as one 


material in the model 


mathematical function, soil mechanics and construction operations. 

_ EXTENSIONS OF THE MODELS 


“the volume of ‘purchase increases (Fig. 5(a)), nor premium-price in 
stepwise as the volume of purchase increases ( Fig. 5(b) 
included, Discounting practices (premium-price practices) in which costs 


decrease Gnerease) linearly with volume of purchase (Fig. were 


are not all-inclusive. Sources that contain deposits 3 which can satisfy the speci-— ; 
~ fications for grade 7 gravel without being blended with materials from any | 
_ other source were not included among the available pits. The constructor may 
want to lease and operate the pits himself. Some of these pits may be virgin. 
_ The deposits in each of the pits apenas were assumed to satisfy the 
specifications governing deleterious substances, percentage of wear, and 
a - soundness. Constructors may wa want to blend deposits which do not meet these 
three specifications with some that do in order to produce a mixture which — 
_ will satisfy all of the requirements. Constructors may want to consider trans-_ 
porting materials by rail as well as bytrucks. It was assumed that the prices 
were established completely whereas the constructor may have knowledge of 
only the probable ranges of the prices. The specifications may not require 


central mixing plant irrespective of the source of supply. Finally, the 


Ine addition the definitions of actual situations considered in the examples. 


amount of material available in some strata may be limited. ee ae 


— Clearly, extensions to the model are numerous. Unfortunately, some of 
these” cannot be ‘subjected to basic linear programming. For example, the 
“discounting or | premium price e practices illustrated in Fig. 5(c) are suscept- 
—ible- to quadratic, not linear, programming. Or, if the contractor only has 
knowledge of the ranges of the prices, then the theory of “ware price” 
= programming would have to be 


— 

— . 
— 
xist 
a a in these real-life situations. The cost coefficients didnot consider the mixing _ 
Onerationn Neither diceounting nractices in which rocte decreace ctenwice ac 

| 
my 


‘Others of these extensions represent unsolved problems of linear program- 
“ming. ‘Assume that deposits from a virgin pit appeared in the minimum cost 
As Assume that the constructor will lease’ operate the pits which 
will be in solution. Because the cost coefficients can not include the capital 
investment required to open the pit, the minimal cost solution must be altered — 
by this sum. Hence the altered minimal cost solution ‘may no longer be the © 
‘minimal cost solution. To include pit opening costs directly in the ae, the 5 
function to be minimized must be expressed as" 


is opening cost solution if the xj to 


— Only a special case of this type of problem has been solved.8° reel 
Of course, some of these extensions | can be subject to basic linear pro-— 
gramming. Discounting and premium price practices (Fig.  5(a) and 5(b), 
__ respectively) can be included in the model by considering the deposit in any a 
- on strata to consist of as many different materials as there are price levels. 2 


_ The linear restrictions willbe augmented by inequations of the following types. 


in which Xj, Xj + and Xj + 2 are quantities of materials from the s same strata 
and a andb are the quantity levels at which price breaks occur (Fig. 5 (a) 
and 5(b). In linear these materials will 


‘ae if the c constructor wa: wants to consider transporting the material from 
any particular pit by rail as well as by truck, the material shipped by rail is 


case, however, no additional inequations a: are e required in the linear restrictions _ 

an If the amount of material available in each strata is limited, then the linear 

-_- restrictions must be augmented by one inequation of the type Xj < b in which bd 
isthe maximum amount of material xj that is available. The linear function re- > = 


- quires no alterations. In this extension, however, caution must be exercised i 


_ $0 as not to destroy the significance of the solution o of the linear program to the © 
— actual situation; that is, it is entirely possible to over-specify the linear pro- 
gram. The writers recommendthat equations rather than inequations be used _ 
as the gradation and PI functions. The use of equations ee reduce the 


ohana in order to include, in the model, sources which contain deposits 


: _ which can satisfy the specifications without being blended with materials from 


8 “The Fixed Problem, ” by Ww. Hirsch and G, . B. Dantzig, Rand ind Report, 


M, - 1383,1954. 
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7 any other source. Of course, the cost coefficients for the material in —" 
_ strata in the same pit would be less than the cost coefficients for the same 


‘material in corresponding strata in different pits. 


_ If mixing costs are defined as the dollars yer pound to operate an existing 


a If the constructor wants to blend | deposits which do not 1 meet the s specifica- 
_ tions governing deleterious substances , percentage of wear, and soundness with 
some that do in order to produce | a -mxture which meets all of the require- 
ments, the linear restrictions would be augmented by at least one inequation | 

_ for each of these three requirements. Of course it must first be established 
that the properties of deleterious ‘substances, percentage ¢ of wear and sound- 

ness in the ‘mixture can be ‘represented by linear inequations. Any one that 
cannot, cannot be included in the model, 


APPLICATION OF LINEAR wena: 
- MODELS TO PRACTICAL CASES | 
A linear program can be written for any practical case which —— 
the three basic mathematical assumptions of the theory of linear program- 
; = ‘The example together with the extensions which have been noted ex- _ 


emplify typical possible applications. If a practical case does not satisfy ' — 
three mathematical assumptions, it is not susceptible to linear programming. 

5 In the section describing extensions of the model, several circumstances nave 
been identified which can exist in practical cases that would make a linear — 


Programimpossible, 


os However, some off these practical cases are such that if the circumstances 
which ‘prevent linear programming were neglected, that part of the practical — 


which remains could be modeled with a linear program, Clearly, 
‘solutions obtained from such a sub- model would not — ‘the actual case, a _ 


linear programming « can be used ‘not only | to solve cases directly 
but also to provide data for solving practical cases by other means. ~~ 
An important actual situation in material procurement which has been 
shown not to be “susceptible | to linear programming is that in which fixed 
_ charges: must be included; that is first costs for setting up a mixing plant, 
opening virgin pits, or both operations. ‘However, if these first costs 
neglected, the actual case can reduce to one ‘similar to the example. The re- 
sults obtained from the example (now a sub-model) can be used as data for a 
simple engineering economy study. The actual practical case > is solved by 
applying the principles of engineering economy. aad 
| ‘a illustrate this use of the | results of a sub-model in an engineering 
economy study, the following example is presented: (The extreme conservatism | 


1 practicalcase like the example except. for item 8. 
2 T The constructor must purchase a a mixing plant. — 


ce _ Thus, no alterations to the model are necessary. If the mixing plant must be 
ag a . constructed, these operating costs are much less significant than the first 
<i _costs of the mixing plant. Of course thefirst costs cannot be included directly 
— 
q 
— | 
| 
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: 3. The first cost for a portable, pug-mill type ‘mixing ng plant which would 
a a maximum of five types of materials at 500 tons per hr is $60,000. 
a Grade 7 gravel will cost $3.15 per ton(delivered) if obtained from | exist- : 


~ 


5. Only 50,000 tons of material is expected to be processed 


a Minimum attractive rate of return is 25% (before taxes) a 


7 is necessary to fine the rate of return (before taxes) on the investment 


in a mixing plant. The solution involves the Rate of = Annual” 
Savings /Annual Investment 
Annual Savings: (Least-Cost Solution) 
($3.15 - $1. 63) (50, 000) 
write-off 
000) (1.00) 
Maintenance 
Dismantling and Transportation 


‘Rate of Return = = 76 ,000/65, 000 = = 116. 9% 
“The rates aa return. sa the best nine so anions of the example are as follows: 
(116.9% for solution 1, 106.1% for 2, 90.0% for 3, 83.8% for 4, 60. 0% for 5, 

37. 7% for 6, 0.0% for 7, alossfor 8 and a loss for 9. Hence, it is economically 7 7 
feasible to purchase a } mixing plant for grade 7 gravels obtained with solutions 
1 through 6. However, it is more economical to purchase grade 7 gravel from 
existing suppliers rather than use the e grade 7 a with solutions 7 

These computations illustrate the important euanibiatin of the results of 

sub-models to solving certain practical cases — cannot be solved directly 

In all practical cases it is important that as vane materials as possible 

-— included in the linear program because the greater the number of materials, 

- the greater the chance that (1) the model will provide solutions which would 

economically feasible (2) the material can be produced, 


CONCLUSIONS 


‘It ‘has been shown that in certain actual situations rar age the manufacture 


at minimum cost to himself, 2 
material which satisfy the specifications for the job in 
_ amounts specified by his construction schedule? The series of solutions to 
the linear program (1) provides the constructor with the opportunity to apply 
_ the principles of engineering economy and his good judgement to decide which 
i sources of supply he should use and (2) assures the constructor that the — 
Sch will satisfy the material specifications for the job. This information 
makes linear an important tool for the constructor, 


— 
hs 
a 
— 
| 
| 
models can answer the constructor’s basic material procurement question. 


_ BENDING MATERIALS | 

‘sa On the ateet hand, linear programming is not a panacea; it cannot be used 
as a substitute for the constructor’s good judgement and the knowledge he © 
has gained from experience. It can, however, provide numerical results which 
will aid him in his decision-making. Hence, it provides him with a more 


scientific method with whi which to solve some problems of material procurement. — 


"This paper was made possible by the National Foundation. It’s pro-— 


gram entitled “Special Projects in Science Education” (A. W. Kenny, Program © 
Director) ‘provided Ritter with an undergraduate grant-in- aid for the tenure of 
this study. Without this financial support, this study could not have been made. 
DE, Parro, President, Parro Construction Corporation, obtained the price - 
information by the writers in the example. _In addition 


CRUSHED STONE BASE AND su 


The coarse aggregate for gravel and crushed stone base. 
_ courses shall be pit run gravel, grave, crushed gravel, -novaculite gravel or 
_ crushed stone. The aggregate shall meet the following requirements: 
(a) Deleterious Substances. The aggregate shall consist of tough, durable ~ 


reasonably free from an excess of soft and material and 


— 


ie: (c) “Soundness. When ‘subjected to 5 cycles of the sodium 1 sulphate scia 
_ test (A.S.T.M. Designation: C88, using full size sieves), the weighted average > 
loss shall not be more than 25%. Coarse aggregate failing to meet this require- 


ment may, at the option of the engineer, be subjected to the freezing and thaw- 
ing test (A.A.S.H.O. Designation: T103), and may be accepted provided the 


(d) Gradation. The aggregate shall be uniformly, shall be well 
graded from the maximum to the minimm size between the limits specified, 
when tested with (square Openings), ‘Shall to 


sas average loss at the end of 25 cycles does not exceed 10% 


Percent Passing 


(e) Plasticity Index. The plasticity index of the fines passing the No. 40 

Ce) 

sieve shall be from 4%to 9% (This PI requirement is for subbase construction 


4 
— 
— 2EGATE FOR GRAVEL OR 
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7 
4 
(b) Percentage of Wear. The percentage of wear as determined by the Los 
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APPENDIX II.-TYPICAL PIT INFORMATION 
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CONSTRUCT N DIVISION 


At brief of the. Army’ power and de- 
velopment programs is followed by the merging of the two by the installation 
of the PM-2A nuclear | power plant in Camp Century, Greenland. , Engineering 
problems and solutions related to the installation and operation of ‘einen in 


1952 th the Army Corps of hoon pioneering the Greenland 
Icecap to develop ways for man to live in this extreme environment in which 
nature forbids all normal forms of life. The opening up of the icecap can have 
many scientific and defense uses if the forces of nature can be controlled. In 
an area in whichthe snow and ice is thousands of feet deep, re 
from -75 F to +40 F and winds from 5 mph to 120 mph, the construction, oper- 
ations, and logistics problems of sustaining major camps appear to be almost 
insurmountable. For 8 yr, the Corps of Engineers has worked in this area de- 7 
veloping methods of construction that can withstand these extreme environmen- aa 
tal conan. _ One of the major efforts has been to find a way to use nature’ s 
i abundant ‘product in this area, snow and ice, to overcome the onslaught © 
of weather. _ 


a —Discussion open until a 1, 1961. To extend the closing date one month, 
a Ww ritten 1 request must be filed with the Executive Secretary, ASCE, This paper is part : 


of the copyrighted Journal of the Construction Division, Proceedings of the American 
Society of Civil Engineers, Vol. 87. No.CO1, March,1961, = — 


: Dept. of the Army, Office of the Chf. of Engrs., Washington 25,D.C. 
Dept. of the he Army, Office of the Chf, of Engrs., 25, 
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By 1958 the. Army had construction methods 


costly to provide the s steady stream of diesel fuel necessary 
ih 1958 the development of a pre- packaged nuclear power plant design pro-— 
vided the key to the solution of the logistics problem and for the first time the 
_ operation of a major camp appeared feasible. This nuclear power plant, that _ 
was later to become the PM-2A, ,could provide heat and power with a — ; 
insignificant supply y problem. It would produce some 1500 kw of electricity and 
- 1000 lb of steam per hr. One year’s supply of nuclear fuel could be carried a 
ae 11 55-gal drums replacing some 40, 000 ) barrels of diesel oil required for e- 
It is difficult to envision a more hostile and incompatible environment for 
application of the first plant of 3 a | type, but the operational need for nuclear ; 


project and of some of the challenging engineering problems: and d solutions as- 


the of PM- 2A in the — 


PACKAGED POWER» 
The Program (ANPP) w was chartered in 1952 to pro- 
vide power plants of up to 40 megawatts in capacity for the use of all three 
_ Services. The first one produced by the program was the SM- -1 nuclear power 
4 located at Fort Belvoir, Virginia. This 1855 kw net plant was completed 
: in April, 1957. Its design was then extrapolated to a plant of about twice its 
anaes. . This plant is the SM-1A and is currently under construction at Ft. 


AS experience was gained with operation and construction of t these stationary 


plants, some desirable military characteristics for future plants became e ap- 

_ _‘The economics of nuclear power, particularly in the low power range of in- 

- - terest to the Army program, almost t certainly r elegated i its application | in the 

near future to remote sites at which operating costs of conventional | power were | 

; dime high. Initial costs of nuclear plants in this low power range can be 

as’ much as twenty times greater than conventional plants, but in some cases 
an over-all 2conomy can be achieved in several years by the drastically lower. 


> 


- logistical effort required to support a nuclear power plant. ong 
a ‘Many of these sites have a very short construction season because of ad- 

- verse weather. Requirements for labor and transportation at remote locations a 
and the short construction time cause installation costs to run as high as six — 
times that of a comparable plant in the United States. Because of this, it was) 


- apparent that efforts had to be taken to reduce the installation time, hence the 


a Possible relocation of a plant following extended operation and adaptability © 

standard configurations and severe environments were other design 

ie ‘These criteria 1 led to the development of modular type, pre- packaged, ou 

aq pre- -tested plants. . Because of their use in remote sites, the plant packages 


— 
for sustaining life onthe icecap. a military camp inthis area,approximately 
u 70% of the logistics effort is devoted to the delivery of diesel fuel for heat and » ee 
ar 
~ 
; 
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NUCLEAR POWER 


were designed ‘for air- -transportability s so they could be flown tothe installation 
Y ‘Site. te. The plants: were capable of being completely assembled and tested prior 


50 (100 miles. 


‘FIG, 1,—THE MAIN AREA OF ARCTIC RESEARCH WORK IN 
NORTHWESTERN GREENLAND 


to wattenen o remote installation sites. Installation effort was to be greatly 


_ simplified by mounting equipment on skids that would be emplacedand c 
with th quick- cable and 


) ry of ) 
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the 1958, the ANPP solicited industry for design analyses of 
plants of this type, rated at 1000 kw plus about 7000 lb per hr of i 

_ About the same time the Army Nuclear Power Program was getting under- 
a way (1952 to 53) the Corps of Engineers began a construction and research 
4 program on the Greenland Icecap (Fig. 1). First efforts in this | program were - 
two 1 radar sites constructed for the Air Force in northern Greenland. _ These y 


- followed by Camp Fistclench (abou it 220 miles out on the icecap) that was 


961 


Tractor-drawn sled trains required at least 4 daysto reach Camp Fistelench 
from Camp Tuto on the edge of the icecap. Air support of the site was ex- 
costly and hazardous as wellas being subject tothe vagaries of weath- 
er. '. Facing the drawbacks of the remote location and the logistic effort re- 


another camp closer to Camp Tuto utilizing the subsurface techniques previ-— 
ously developed. This was to be known as Camp Century (the name derived 
from the fact that it was planned to be approximately 100° miles from Thule on 


_ the icecap) and it was to be powered _ nuclear power plant, thus practically 


is was s investigating and the — for ‘Camp Century , began to develop : at about the 
same time (September, 1958), 
7 , Camp Century’s requirements were quickly assessed and it was found that : 
« plant of 1500 kw, plus about 1000 lb per hr of steam would be needed. The 
7 d design analyses were changed to this power range and directed towards instal- 
lation in snow tunnels. In November, invitations for proposals on the Camp 
7 ‘Century plant were sent out by the Eastern Ocean Engineer District. Proposals 2 
were received in December, 1958. These were evaluated, negotiations were 
_ conducted, and a contract was signed on January 23, 1959 ee 
7 ~ Work on Camp Century w: was to begin in the  cemenen ¢ of 1959 and to be com- 
pleted in the summer of 1960. This meant that the nuclear power plant would 
have to be installed during the 1960 construction season. Facing an extremely 
tight fabrication and testing schedule (16 months), the contractor went imme- .« 
7 diately to work. The plant was to be delivered f.0.b, the contractor’s factory on 
May 20, , 1960 . It wasthento > be transported to Camp Century for installation mn by 
the military operating crew under the contractor’ supervision. 
_ The severe conditions of the icecap and the unique installation problems 
presented were beyond solution by any ‘single agency, so they were tackled as 
a joint | venture. ‘The Army’ s Eastern Ocean Engineer District was s the c con- 
tracting office for installation of the plant, the ANPP provided technical sup- 
port, and the Polar Research and Development Center was the user and val 
transported and installed the plant. The Snow, Ice, . Permafrost Research Es- - 


tablishment provided mpg ay consultation and the Engineer Research and De- 


ping to ANPP nomenclature, this plant was duitenstes d the PM-2A 2A. Pp 

_ stands for portable, M for medium power (1000 kw to 10,000 kw), and 2A is” 

its field designation. _ The PM-2A is a pressurized water plant using a 10 mw 
"thermal reactor. Its 6 design is based | on the ee of the SM- SM-1 at Fort — 
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Fortunately, the desion analvses for the kased power plants that the Army 
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sultation and some special fabrication and procurement services. 
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NUCLEAR POWER 


a it is ; physically a much h smaller p plant. ‘The | primary system | consists ; 
of components mounted on two skids and installed inside a vapor container. - 
This container is designed to hold inside of it,a complete release of energy of 7 
the primary and secondary systems should an instantaneous, massive failure 

a Fig. 3 is a schematic drawing of the plant. The major components of the — 
primary system are the reactor, an electrically heated pressurizer to main- — 
tain 1750 psi on the system, a cannedrotor primary coolant pump, anda steam 7 
_ generator. Steam is formedat 480 psia inthe shell side of the steam generator © 
and piped to a 2,000 kw turbine-generator. Part of the steam is taken directly — 
_ to another heat exchanger where approximately 1000 lb per hr of 150 psig steam a 
is 5 formed f for water supply 1 uses s in | the camp. _ Exhaust steam from the turbine 
is condensed in a skid mounted condenser cooled by a 60% ethylene glycol- ~40% 
water mixture. This ethylene glycol transports heat and heat from 
other plant auxiliaries to three a air r blast | coolers, | ‘The air blast coolers pull 7 
400, 000 cfm of air through them removing the heat from the elycol and exhaus- — 
the warmed air above the surface of the snow. 
“wl Prior to its shipment from the United States, the PM- >M-2A was assembled and 
thoroughly tested in the contractor’s factory. Fig. 4 shows part of the plant a as. 
it was assembled for this test. The entire secondary system was operated _ 
4 ing a conventionally heated steam source. The primary system was tested at a 
7 design temperature, pressure, and flow with dummy fuel elements in it. Fuel 

-—sloment were checked to ascertain their nuclear worth in a critical facility 
prior to their shipment. The complete core was assembled and loading pro- | 
cedures to be followed at the site were determined. tee 
_ To demonstrate the air transportability characteristics of the plant, one of 

the three air blast coolers (9 ft x 8 ft 7 in. x 28 ft 8 in., 27,500 lb) was flown 
fromthe U.S. to Thule in June, 1960. It was then transported by truck andsled © 
to Camp Century and installed on its foundations by June 18, 1960. The re- 
mainder of the plant was sea-shipped from Buffalo, N.Y. on June 27, 1960. It 
arrived at Thule on July 10, 1960, and began its trip to Camp Century by truck — 

> and sled. Because the plant was shipped by sea instead of air, the vapor con- _ 
_tainer was assembled in three sections that exceeded the limits required for 


7 sembled by bolting. two main flanged circumferential connections together. This — 

scheme precluded the need for any field welding to assemble the plant, anim- _ 
portant factor when one considers t the temperature and conditions at the site. _ 
Fig. 5 shows one section of the vapor r container as it arrived by sled at camp 
Century. The access hatch and pipe and cable penetrations are on the left 
* The SM- “li and the > PM- -2A ha have approximately the same power output. How- 

ever, as an indication of state- -of - the-art progress, the PM-2A weight is ap- 
‘proximately 650 tons compared to 2800 tons, plus 5800 tons of aggregate and 
‘foundation material for the -1; the SM-1 ‘required 2 yr to install and the 


PHYSICAL CONDITIONS OF THE 


Pare 
The > PM- 2A had to be designed ‘to operate ina very 
The Greenland Icecap ‘covers about 9/10 of Greenland’s area. It consists of. 
snow and ice many thousands of feet thick. The cap has reached nen equi- 
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librium, that is, the elevation remains constant. Because from 
1 ft to 3 ft of new snow falleach year, this equilibrium is maintained bya mas-_ 
sive plastic flow of the icecap to the ocean. To give an idea of the rate of this. 
flow, an object buried at the center of the Greenland Icecap. would reach the 
a in approximately 3,000,000 yr, presuming no ice ages or Arctic warming in-— 
tervened. An object buried at Camp Century (at Mile 138 onthe Tuto- Fist- 
_lench Trail) would reach the ocean in ; about 500,000 yr. The center of the ice 
-capis relatively solid. However, its flow causes crevasse areas in the 30 mile 
fringe around it. Crevasses present a hazard to surface transportation — and 
prevent any permanent type construction in this area. 
=z Newly fallen snow on the surface of the icecap is quite light, but the ai 
_ paction and density increase with depth. An approximate equation relating depth © 
to density of the snowis:s 


* which: the depth d is in g per cu cm and h is the depth 1 in 2 cathe. 

_ Surface temperatures at Camp Century range from about -75F in winter t to 
nearly + 40F inthe summer. Although it might be considered that the summer 
conditions nearly approach comfort, temperatures in excess of the 1e melting point 
obviously present many problems to construction and operation on the icecap. 
Fortunately, temperatures have not exceeded 32F for r long periods of time at 
Camp ‘Century and only minor melting: has resulted. ‘However, the bearing 

of snow drops rapidly at above 15F or 20F and this does" 

present a major foundation problem. Temperatures in the undisturbed icecap 
below a depth of 20 ft to 30 ft remain nearly constant at about -11 F and are 
quite independent of surface temperature fluctuation, 
ae. winds blow y nearly continuously at a velocity of from 5 mph to 120° 

“mph. This causes snow to drift around irregularities on the surface and can 

bury ‘objects and clog intake and exhaust ducts on the surface. Drifting can - 
_also result in unequal loads on structures causing them to fall. 7 

Another little-known feature the icecap presented at the beginning of this. 
project was the forces that the plant components would be subjected to during 
_ transport to the site, . The. entire plant was to be transported by sled from the 

- edge of the icecap to the camp. Figs. 6 and 7 show portions of the plant during 
ghipment. These sleds are pulled by low-ground-pressure D-8 tractors. Read- 
ings were taken by accelerometers on sleds during the summer 1959 season, 

and it was found that the acceleration load imposed by the sleds « on components ~ 
_ was not as severe as anticipated and even less than that imposed on the plant 


during ship loading. 


these icecap ‘conditions and problems presented by drifting snow 


and snow accumulation, all relatively long-lived construction on the icecap is 

either elevated above the surface or beneath the surface of the snow. — 
‘Two. ) radar ‘sites that are. being built as part of the Dew Line on the icecap > 
have antennae that must operate above the surface, hence, they have been de- 7 

signed and constructed similarly to Texas Towers. _ They are elevated about 
20 ft above the surface of the snow and thus prevent drifting by allowing the 


wind to blow freely beneath them. _ They are designed to be pos up in order 
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FIG. 6, .—LARGE PLANT SKID AWAITING SLED LOADING AT THE 


«EDGE. OF THE ICECAP 


-—OFF-LOADING THE REACTOR SKID AS IT ARRIVED BY — 
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NUCLEAR POWER 


7 to compensate for the build up of “snow aces the years and still maintain the 
Pay Camp | Century was designed to prove the concept of subsurface living. The 
| » _ military advantages afforded by camouflage and concealment of a subsurface 


ments a and permit lighter and cheaper construction. 
_ _ Subsurface camp construction consists of cutting an open trench by sega 
passes: of a snow miller ( Fig. 8). This isa standard, Swiss-made snow plow. 
trench. When the trench has been cut to depth, metal arches are placed over 
the top. Fig. 9 shows the emplacement of 30 ft arches over the generator and 
control tunnel of the PM-2A. _ The snow that had been cast out of the trench is 


th 
then thrown back or on top of the metal ails The milled snow has a granulated 
i —— and sets up much like concrete over the trench. The metal arches ~ 
have been removed in some narrow tunnels and the snow cover has been self = 
, _ supporting. Camp Century, however, has retained most of its metal arches as 
a precaution against undue heating of the snow. An extremely critical stage in 7 
the operation is the placing of the arches following the excavation of the trench. | 
Should a storm come up prior to arch placement and fill the trenches with 
_ freshly blown snow they would have to be abandoned because the soft snow of-— ; 
insufficient bearing strength to permit re- -excavation for some tim 
2 Prior to Camp Century, most experience with arches was with 9 ft spans. i 
These are simple o verlapping, 1 unfastened, corrugated, metal sections. ‘They — 
were ‘mis over trenches with under cut sides such as shown in Fig. 10. This 
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FIG, 10.- PLACING 14 FT ARCHES 01 OVER AN UNDERCUT T TRENCH 


FIG, 9,—ARCH EMPLACEMENT OVER ONE TRENCHES 
= 


- arrangement was found to be structurally sound and allowed -a tunnel width 


_ greater than that of the arch. The PM-2A dimensions require tunnels with 30 ft 

and 40 ft spans and straight-cut tunnel walls. The arches are not only corru-_ 
- gated but also have a convex transverse curvature | in addition to the concave _ 
7 _ longitudinal shape of the arch. This is the first application of this size arch, 

_ but some have been in place for over a year. The settlement has been as much 

as 2 ft, , but it is expected that this high initial rate of settlement will subside. 

If settlement becomes excessive it is planned to jack and shim the arches i 


‘Tegainthe clearance required, 
The plastic of | the icecap requires constant maintenance in the > tunnels. 


NUCLEAR POWER a 


forces is This results in rapid (in terms of move- 
ment) plastic flow that tends to close the tunnel from all four sides. Walls 
must constantly be shaved, for if they c ‘come in contact with structures inside 
a the tunnels they exert an overpowering crushing force. Tunnel floor heave can 
be pre- ~compensated by designing foundation bearing pressure to equalize the 
pressure from the removed snow. an added precaution, foundations are 
built symmetrically around the tunnel center line so that any heave will tend 
affect the buildings symmetrically and not cause them to tilt. leaving 
metal arches in place, closure from the top can be arrested. 
a _ Because of the massive flow of the icecap, these tunnels sink around 2 ft we 
yr in relation to the surface. This phenomena requires extendable hatches and 
other penetrations to the surface and it it could well be the limiting factor in the 
of the camp. 


Fig. 11, ae ‘the results of the design fora plant to operate under these — 


‘Those v working on the development of fusion p power are familiar withthe pinch 
effect. This is the containment of an extremely hot plasma by magnetic forces | 
so it will not come in contact with walls and evaporate them. _ While perhaps — 
not q quite as dramatic and certainly not solved by such exotic means, the PM-2A 
presents a similar problem. It is evident that the snow must be maintained © 
well below the melting temperature. _ Because the nuclear plant is a source of 
“considerable heat, insuring its isolation from the surrounding snow is of vital 7 
concern. The plant is housed in insulated buildings elevated above the snow e 


_ tunnel floor. Tunnel temperature is maintained around 5F. © ae 


. Both pile andcrib foundations were . considered for the plant. The advantage > 
of a pile foundation is that it removes the bearing area from the immediate vi- | 
; _cinity of the potential heat source. However, because the tunnel temperature © 


‘must be maintained well below freezing to slow the plastic closure of the tun- 
nel, the crib type foundation was chosen. Crib foundations proved to. be | easy 


ace install, The bearing surface of the cribs is from 1 ft to 5 ft beneath the eur- 
face of the snow. ‘This depth provides suffi cient insulation to. maintain the bear- - 


must be constantly monitored to insure the preservation of this insulation. The 7 
‘ing pressure was determined to be i in excess of 3, 000 a but the 

= 1959, investigations were made into the correlation of bearing ainuails 

_ versus temperature of the snow. “An empirical equation for footings loaded at 
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_IN ITS SNOW TU 
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in which $ is the vate of settlement in in. per day and T is the temperature in 
degrees Fahrenheit. rate of settlement for other loadings wa was found to be 
Efforts have been made in selecting tunnel senmenateres and bearing pres d 
sures to account for the rather fluid foundation conditions. _ However, — 7 


of the dearth of information to back up these ee mend _— aif- 


FIG. 15. STEEL ON TOP OF’ THE REACTOR BUILDING > 


= parts: of the plant has been The interconnecting piping of 


the plant can withstand some differential settlement. 
differential settlement, a manometer system has been “installed throughout the : 
‘plant. When ‘settlement is detected, jacks be inserted in foundations = 


“toe of the plant vapor container can be seen at the left and lower right. Fig. 


13 shows emplacement of a plant skid. Following this, connections are made 
and the 16 ft x 16 ft panel building is erected around the equipment. a aa 


: 1000 psf was 
— 
haz: 
| 
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FIG, 17,—W ATER SUPPLY HOLE EXCAVATED BY STEAM JET | 


— 
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shut down. . Fig. 14 sh shows the erection of this building in its wanel The ‘entire 
building is supported by 6 columns, three on each side, sup- 


arrangement at the top of the building. The jacks are manipulated by lone shafts 
reach tothe rear of the reactor because this is the only 


primary system installed. 
The main part of the plant is housed in 16 ft x 16 ft t buildings made up of 4 ft 
S ft pre-fabricated, insulated panels. These panels have a vapor tight stain- 
_ less steel skin onthe inside. Internal temperatures in the plant area are main-— 
tained around 65F to 70F. Electrical heaters are installed; however, while 
_ the plant is operating the problem becomes one of removing heat rather than 
- adding it. . This is done by a thermostatically controlled ventilation | system. 
me early recognition of a need to maintain tunnel temperatures well below 
_ freezing led to the contemplation of installing approximately 70 tons of refrig- 
_ eration equipment. ‘This massive amount of equipment would have been used 
only during those few periods when the outside temperature approaches melt- 
_ ing. In the attempt to keep the installation as simple as possible, and yet safe, — 
it was felt that the nearly infinite source of cold air under the icecap might be 
_ tapped in lieu of this equipment. Investigativ ork during the summer of 1959 
j proved that this was, indeed, feasible and the rc!"igerationequipment was ruled 


tunnel floors. The lower 50 ft of these wells is 18 in. diameter uncased. The 


; : out. To provide cold air, wells 50 ft on center and 65 ft deep are sunk into the 


upper 15 ft is 24 in. diameter cased. A vane axial fan is mounted in the well 
a and pulls air from the depthof the icecap. This air comes up at almost a con- 
aq stant -10 F or -11 F and seems to be unaffected by the surface temperature. 
During colder periods surface air is used to cool the tunnels at a slight saving 
in power. Thermostats cause intake dampers on the ducts 


lowed to get as as cold a as s the surface in winter. 


om process lines that operate constantly in cold environments (that is, 


‘sibility, main n glycol lines are » housed in liquid tight utilidors and the te is 


dyed to permit rapid identification of leaks. 
_ One of the outstanding features of the entire project has been the flexibility - 
required and achieved. Construction procedures were fairly well known prior 
_ to initiation of work at Camp Century, but much specific design information and — 
many construction techniques only became known during the summer 1959 sea- ; 
son. " Because plant fabrication was already underway by then, this information — 
‘= to be factored into somewhat firm designs. For example, experience gained 


with with tunneling le led to four changes in plant configuration. Although not without — yy 


— 
: on the left side of Fig. 15. Manometers in the inaccessible areas are read by [im 
_the use of installedtelescopes andlights. = 
= 

a | 
| f 2 a 
a 
integrity or the tunneis Dut agoes not require excessive electric wer tO 
col-water mixture to prevent freeze-up, This, however, introduces a potential 
“ hazard into the area. Shoulda glycol-bearing pipe break, foundations could jm 
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‘some e difficulty, the modular scheme | of the plant has permitted it to adapt to 


a a iaslene plant intothe icecap is that caused by the gamma radiation produced 
.: the ‘reactor. _ Because the plant is designed to be air-transportable, it has 
_ only a minimum of self-contained shielding. The bulk of the biological shield- 
ing is provided by thick snow walls. However, a high level gamma field exists a 
beneath the reactor. The attenuation of this energy by the snow causes it to 
heat up. Plant designers had to insure that this rise in the temperature of the 
‘snow did not endanger the foundation strength. Using computed heat generation 
rates that were caused by this gamma } radiation and a two- -dimensional relax-_ 
ation type method, a a computer program was run to determine what tempera- 
tures might develop inthe snow beneath the reactor. Combining this work with 
_ the temperature that would be maintained inthe tunnel led to a required amount — 
of lead brick shielding that had to be installed beneath the reactor in order to ; 
maintain the foundation bearing temperature at 5F. As a check onthis critical 
feature, an med of thermocouples was installed in the foundation area — 


q this type, radiation readings a are being ‘taken beneath the reactor and a corre- a 
lation (of this r this radiation and the > actual in the is being 


‘The omen presents problems that can be solved by the PM- 2A and also _ 
features that can be used by the PM-2A. 
Water supply is “major problem on the icecap. There is, of course, no 
lack of the raw material, but conversion to a useful form presents some dif-— 
ficulties, Prior to 1959, water had been obtained by bulldozing or hand ae 
ing quantities | of snow into large hoppers and melting i it! there. In 1959, exper- : 
with a well point in the middle. This rig was set on the surface of the snow 
and allowed to melt its own way intothe icecap. It melteda shaft approximately 
«3 ft in n diameter to a depth of about 120 ft. At this depth, the snow became im-. - 
_ pervious enough to hold water and caused a pool to form. A 110,000 galcavern 
was formed and pumped dry. On investigation it was found that it was of bell- 
shaped form and was approximately 40 ft in diameter and 50 ft highat the al 
tom of the shaft. Fig. 17 shows the shaft leading to this cavern. “Tertiary 
steam from the PM-2A will be used in this n manner | to atonal 10, 000 — a 
_ Another problem on the icecap is that of waste disposal. - Sewage spon 
of in the icecap melts its way into the snow and forms a subsurface cavern. 
The contents generally do not freeze, and there has been some concern about 
spread of this waste undermining parts of the camp. Because of this, sewage 
= holes a are e always locateda distance from water supply holes and from 
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the summer 0 showed that sewage had spread abou "In 3-1/2 yr. 


A hole similar to the one that was melted for water in 1959 will be enutdnd 
and pumped dry for purposes of liquid waste disposal. The cavernthus formed — 
is ice-lined and relatively impervious. The bulk of the waste is pure water 
containing small quantities of radioactive nuclides and will freeze shortly after : 
its discharge into the cavern. Probes around the periphery of the hole will in- — 
dicate any local spread of activity. On a gross scale, the activity will be con- — 
tained well after it has decayed to essentially nothing, = = | 
_ Use of the icecap as a condenser heat sink was contemplated at the begin- 
ning of the project. However, so little was known about it that it had to be re- i 
jected in the interest of safety. Thermodynamically, there is no finer heat sink ~ 
in the world for a power plant than the icecap. The PM-2A rejects approxi- — 
mately 27,000,000 Btu’s per hr in the form of condenser and auxiliary waste 
heat. The rejection of this heat be either surface or subsurface ponds formed - 
in the : icecap was speculated on. | _ However, this amount of heat being rejected — 
in this manner will melt a sphere 500 ft in diameter in a few years } operation. 
The structural stability of such a pool was questioned and it was felt that the | 
c safer air blast coolers should be utilized initially. However, the air blast cool- af 
ers are somewhat fragile components, weigh a considerable amount, are dif- 
ficult to install, and are quite a power drain (180 hp). They also require elab- 
orate insulation to prevent warm summer air from melting the tunnels around — 
them, and the necessary weakening of tunnel arches to install large surface 
: exhaust and intake ducts may very well be the limiting factor in the life of the 
Because of the disadvantages of air blast coolers at the PM-2A, but mainly | 
“ila future plans are contemplated for similar installations, work is ell 
done on utilization of a subsurface pond for rejecting waste heat from the re- | 
7 actor plant. The possibility of fogging caused | by a pond exposed to the surface — 
: _ one reason for selection of a subsurface pond. Another was the inability 
of snow to hold water until it has densified at a depth of 120 ft or more. ay 
_ Both open and closed cycles were considered, but an open cycle has been — 
_ chosen for its simplicity. The open cycle will consist of water being pon 
directly from the cavity into an intermediate heat exchanger that will accept 
heat from the existing plant glycol system. (This intermediate heat exchanger 
| serve the same purpose as the present air blast coolers -- ‘it will merely : 


a 


substitute water for air as a more efficient cooling medium). ; A closed cycle 
_ would consist of a complete glycol loop immersed in the pond and utilizing it | 

7 as a direct heat sink. The maintenance of this loop immersed in the pond and © 

pumping power required for alarge glycol loop (due tothe of gly- 

_ The size of a single cavity used for this heat : rejection might cause struc 
tural problems. Multiple holes, each accepting a fraction of the total heat, are 7 
possible solutions. Another possibility is the alternating use of a number of 7 
cavities, This would allow heated and cavities recover 


— eh All solid radioactive waste from the plant will be transported out of Green- a 
og : _ land for disposal in the United States. Low level liquid waste will be disposed a 
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secondary heat sink for the cavity. Developmental on this s system 
optimize it for use. at the PM- 2A and aed at other plants in the future. 


ON 


This project has been a pionee _ alee in utilization of the world’s polar 
regions. Its design has been a maximum extrapolation of the rather meager 


7 and spotty one sometimes even contradictory i information that i is now available. 


Z ‘conservative design, an extremely tight schedule, and flexibility to accept and 


factor in information as it developed. 
- Camp Century should produce sufficient Scientific and engineering data and 


_ information to permit large scale future operations in the polar regions. ._ Itis | 
_ the first ated in what may eventually lead to sustenance of life onthe moon and 
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Closure by Roger H. Williams 


> 


ROGER F. ASCE. —The comments of Mr. 
indeed timely in that he stresses the economics of any type of foundation de-- 
~ sign when applied to a specific area and set of circumstances. The description 
of the foundations given in the paper were | those of actual types used at some 
military air bases in Greenland, including but not limited to the Thule area. 
In these cases, large deposits of relatively good granular materials were | 
_ available as were large amounts of heavy construction equipment required — 
for the construction of large airfield facilities in short periods of time. These 
factors led to the almost universal use of the foundation described in which 
permafrost was encountered, Structures constructed in other areas such 
forest areas and areas of heavy peat require ‘proper analysis and probably : a 


different approach. 


The use of 21. 8% moisture content in the natural subsoil was arbitrarily 
picked to illustrate the depth of thaw penetration and it was not intended to- 
indicate that this material, as such, would be unacceptable. The example shows 
how to determine the expected depth of thaw. The materials below this point 
then must be scrutinized to determine their ice content and their acceptability. ; 
When this is done, it can be determined whether or not any unacceptable ma- 
terial has been protected sufficiently. It shouldbe remembered, however, that, 


even though the water orice content isonly 21.8% when the pad is constructed, 


atin of freezing and thawing fade result in unacceptable conditions in| the 

The ‘thawing: index used in | Fig. 3 of 1960 degree days was as not intended to 
represent conditions of Thule but was used solely as an example (it has been 
encountered at other bases in Greenland). While the 1946 to 1949 observations 
at Thule show | a thawing | index of approximately 555 degree days, one would © 
be quite remiss in using this figure for design because it is based on such a 
: short observation period, High indices (1196 degree ‘days: in 704 degree 


_& September 1959 by Robert H. William (Proc, Paper 2142), — 
Metcalf & Eddy, Boston, Mass. 
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SIMPLE RULES FOR HOT OR COLD WEATHER CONCRETING 


RICHARD J. NEWSON, 3 A, M. ASCE.—Mr. ‘Manning that a fine 

design must be followed by equally fine construction execution. This is a fact. 

that is worthy of constant thought during the design stages of the project, for 
the designer and engineer should always design with a view to the conditions : 


note whether or not the concrete involved will have to be placed during ad- 
verse weather, Close attention to some of the suggestions of Mr. Manning’ s 
- paper may prove very rewarding; however, the writer feels that Mr. Manning © 
has established necessary but insufficient conditions for the protection vad 


& will prevail at the construction site. They should be especially careful to 


aggregates during concreting in hot and cold weather. i. Ate, : 
It is not only necessary to heat the aggregates in cold weather and t to cool 
them in hot weather but it is also necessary to heat or cool them in such a 
manner that the moisture content will remain as constant as possible, The 
usual datum for the measurement of the water-cement ratio is a saturated- 
a _ surface dry condition in the aggregates. 4 Better quality concrete is thought to _ 
be obtainable this condition exists in the: aggregates when they 
added to the mixer andthe cement and water to the mix, It is believed by some 
that when aggregates are bone- dry or near bone-dry at the time of adding 
z mixing water, the surface of the aggregates becomes coated with a layer — 
of bubbles resulting from the air contained within the voids of the dry aggre- 
_ gates. | These bubbles tend to prevent adequate bonding between the paste and 
the: aggregate. In any event it is obvious that constant and repeated moisture = 


content tests cannot be run on the aggregates during the mixing process. It © 
is desirable that the moisture content of the aggregates be kept at a constant, 


‘undoubtly prefer his « own - methods. It is a a problem, however, that must be 
solved to the satisfaction of all concerned. Only the most efficient solutions © 
“of the problem are worthy of being retained for use and reuse * 

_ The problem may, to some extent, be solved by a wise selection of aggre- 
gates during the design stage. A coarse aggregate of crushed rock or of 
pebbles will have a much more readily controlled moisture content than one © 
of gravel, It might, therefore, be highly desirable to use the crushed rock or 
November 1960, by John J. Manning (Proc, Paper 
3 Postgraduate Student, Imperial College, Univ. of London, London, England, A 
“Composition and Properties of Concrete,” |! Troxell and Davis, 

Inc., New York, 1956, pp. 45-47, 7 = 
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4 _held at the saturated-surface dry condition, = jg 
te _ There are undoubtly many methods of heating or cooling aggregates that | 4 7 
keen the moic e conte very nearly ronstant and each co actor wil] = 
| 
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4 pebbles | even though the gravel was much more readily available to the site. 
also be desirable to think in terms of transit-mix for adverse weather 


: ‘ments. For large” mene. , for which a well organized plant must be set 
= it will be easy to add efficient methods. 


7 prrarck plant and placement of concrete if the labor is not able to “aie - 
the plant and placement to the specified requirement. The labor force must © 
‘receive the necessary encouragement to do the job as it should be done, and ~ 

- discouraged from accomplishing the work in merely the simplest way. 
The mixing and placing Of concrete should always’ be performed to rigorous 
standards of equal measure with the design requirements of the structure by 


men who take great pride in their material and the resultant fine structure. 
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